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Abstract

High speed, manufacturable InP DHBTs and ICs with implanted collectors

by

Navin Parthasarathy

Novel HBT technologies have been designed and developed to enable continued

scaling of InP based double heterojunction bipolar transistors(DHBTs), for their

use in high speed, low power digital logic and mixed-signal systems. Significant

reduction in parasitics have been achieved by the use of implanted subcollector and

pedestal for independent collector scaling .

The base collector capacitanceCcb, contributes significantly to analog bandwidth

and digital delay and must be reduced as DHBTs are scaled. Two different types

of InP double heterojunction bipolar transistors have been designed, fabricated and

charcterized employing Fe and selective Si implants to decreaseCcb. The first type,

the selectively implanted subcollector DHBT, has a shallow Fe implant to compen-

sate regrowth interface charge and a Si implant to form the subcollector. This selec-

tive implant eliminates the parasitic base collector capacitance associated with the

base access pad area. These devices exhibit 361 GHzfτ and 404 GHzfmax. A sec-

ond device, the implanted pedestal-subcollector DHBTs allows for further reduction

of Ccb. It has a thicker Fe implanted semi-insulating layer for reducedCcb in the ex-
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trinsic collector-base junction, a patterned buried subcollector formed by a deep Si

implant and an collector pedestal created by a second Si implant. These InP pedestal

HBTs have 352 GHzfτ and 403 GHzfmax. The implanted pedestal-subcollector

DHBTs have a DC current gainβ ≈ 35 andBVCBO ≈ 7.8 V. In addition to the

compensation by the Fe implant of charge at the epitaxial growth interface, these

two processes provide the following enhancements: elimination ofCcb in the base

interconnect pad area, a single MBE growth and increased wafer planarity. In this

first demonstration of these two processes, thefτ andfmax are the highest reported

for DHBTs with implanted collectors. Using these implanted collector processes,

record low power delay products have been obtained for CML dividers operating at

over 61 GHz with an operating power of less than 27mW. High speed CML stativ

frequency dividers clocking to 135 GHz have been measured. ECL dividers utilizing

implanted collectors have a self oscillation frequency of9̀6 GHz. There is a 20%

improvement in logic speed using this technology.

For high speed logic circuits, emitter resistance is an important parameter to be

reduced. Highly scaled emitter junctions with simultaneously large emitter contacts,

and thick extrinsic bases have been demonstrated with an emitter regrowth technol-

ogy. These have attained 280 GHzfτ .In conjunction with the implanted collector

process, these InP DHBTs can attain a bandwidth of over 1 THz.

viii



To

my Mother, Father and Ammu

ix



Contents

List of Figures xiii

List of Tables xix

1 Introduction 1
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 InP DHBT Theory and Design 4
2.1 Emitter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Emitter Resistance . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Base . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Collector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1 Base-collector depletion capacitance,Ccb . . . . . . . . . . 12
2.4 Figures of merit . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4.1 Current-gain cutoff frequencyfτ . . . . . . . . . . . . . . . 14
2.4.2 Power-gain cutoff frequencyfmax . . . . . . . . . . . . . . 14
2.4.3 Maximum current densityJkirk . . . . . . . . . . . . . . . 15

2.5 Device modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.6 HBT delays within digital ICs . . . . . . . . . . . . . . . . . . . . 24
2.7 HBT scaling principles . . . . . . . . . . . . . . . . . . . . . . . . 30
2.8 HBT scaling limits, and solutions explored in this work . . . . . . . 32
2.9 The scaled HBT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 Ion Implantation in InP 39
3.1 Implantation in InP . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1.1 High temperature annealing of implants in InP . . . . . . . 43
3.1.2 Si implantation in InP . . . . . . . . . . . . . . . . . . . . 47
3.1.3 Fe implantation in InP . . . . . . . . . . . . . . . . . . . . 54
3.1.4 Co-Implantation of Si and Fe . . . . . . . . . . . . . . . . . 60

3.2 Mask for Implantation . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3 Growth on Implanted substrates . . . . . . . . . . . . . . . . . . . 61
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

x



4 Implanted Subcollector DHBTs 65
4.1 Implanted subcollector HBT process . . . . . . . . . . . . . . . . . 67

4.1.1 Si subcollector implant . . . . . . . . . . . . . . . . . . . . 70
4.1.2 Collector ohmic contacts . . . . . . . . . . . . . . . . . . . 74
4.1.3 Alignment targets . . . . . . . . . . . . . . . . . . . . . . . 77
4.1.4 Design of RF mask . . . . . . . . . . . . . . . . . . . . . . 80

4.2 HBT design for implanted subcollector . . . . . . . . . . . . . . . . 81
4.2.1 Design of InGaAs etch stop . . . . . . . . . . . . . . . . . 82

4.3 Large area HBTs with implanted subcollector . . . . . . . . . . . . 86
4.4 RF process and device results . . . . . . . . . . . . . . . . . . . . . 87

4.4.1 RF process . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.4.2 Device Results - Si Implanted subcollector DHBTs . . . . . 88

4.5 Interface charge . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.5.1 Insufficient charge compensation with ap++ overgrowth . . 98
4.5.2 Interface charge compensation using Fe implant . . . . . . . 101
4.5.3 Large area devices with Si and Fe implants . . . . . . . . . 106

4.6 Implanted subcollector DHBTs with Fe . . . . . . . . . . . . . . . 109
4.7 Device Results - Si Implanted subcollector DHBTs with Fe . . . . . 113
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5 Implanted pedestal-subcollector DHBT 129
5.1 Various approaches to collector scaling . . . . . . . . . . . . . . . . 129
5.2 Design of fully implanted pedestal-subcollector process . . . . . . . 135

5.2.1 Formation of buriedN++ subcollector . . . . . . . . . . . . 137
5.2.2 Crystallinity . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.2.3 Surface morphology . . . . . . . . . . . . . . . . . . . . . 144
5.2.4 The Fe implanted extrinsic layer . . . . . . . . . . . . . . . 144
5.2.5 Formation ofN++ pedestal . . . . . . . . . . . . . . . . . 152

5.3 Large area device results . . . . . . . . . . . . . . . . . . . . . . . 158
5.4 Device results - Implanted pedestal-subcollector DHBT . . . . . . . 162
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

5.5.1 Pedestal vertical height and lateral straggle . . . . . . . . . 173
5.5.2 Excess Collector Resistance . . . . . . . . . . . . . . . . . 177

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

6 Conclusions 182
6.1 Accomplishments . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

xi



A Implantation Analysis 188
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

B Implanted collector InP HBT / Circuit Process Flow 193

xii



List of Figures

2.1 Energy band diagram of a typical HBT withVbe =0.9V andVcb =0.2V 4
2.2 Layer structure of a typical UCSB mesa-DHBT . . . . . . . . . . . 5
2.3 Top view of the mesa HBT showing the metal contacts . . . . . . . 13
2.4 Band diagram at J=0,Jkirk and 1.5Jkirk for Vcb = 0 . . . . . . . . . 16
2.5 Mesa HBT showing distributed device resistances and capacitances 17
2.6 T-model equivalent circuit of an HBT . . . . . . . . . . . . . . . . 18
2.7 Hybrid-pi equivalent circuit HBT model . . . . . . . . . . . . . . . 19
2.8 Effect of device heating, withVCB, in the gummel plot . . . . . . . 20
2.9 Isothermal gummel plot and effect of emitter and base resistances . 22
2.10 Extracted emitter and base resistance . . . . . . . . . . . . . . . . . 23
2.11 Measured (solid line) and simulated S-parameters (data points) of

the HBT and the extracted hybrid-π equivalent circuit . . . . . . . . 25
2.12 Static frequency divider and its timing diagram . . . . . . . . . . . 26
2.13 Delay path of a CML static frequncy divider during clock transition 27
2.14 Current flow of a differential pair in the presence of emitter resis-

tance –IoRex = 0, 2kT/q, 4kT/q, and6kT/q. V1−V2 is normalized
to kT/q. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.15 Modern SiGe HBT . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.16 Scaled mesa HBT with collector pedestal . . . . . . . . . . . . . . 35

3.1 Nuclear and Electronic Stopping Power of Si implant in InP . . . . 40
3.2 Poor qualitySixNy on InP . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Rectangular pit formation on InP after high temperature anneal and

EDX compositional analysis . . . . . . . . . . . . . . . . . . . . . 45
3.4 Pit formation on InP after high temperature anneal . . . . . . . . . . 46
3.5 Analysis of the InP surface after anneal and cap removal . . . . . . 47
3.6 Ion Ranges for Si in InP at 350 keV . . . . . . . . . . . . . . . . . 48
3.7 Ion Ranges for Si in InP at 350 keV . . . . . . . . . . . . . . . . . 49
3.8 Si doping profile in SI InP at 350 keV . . . . . . . . . . . . . . . . 50
3.9 Lateral straggle of the 350 keV Si implant . . . . . . . . . . . . . . 51
3.10 Si doping profile in InP at 140 keV from SIMS and simulated byTRIM 53
3.11 AFM scans of the implanted surface . . . . . . . . . . . . . . . . . 53
3.12 Fermi levels for various degrees of deep level compensation . . . . 56

xiii



3.13 Fe profile in 130nm N−/80nmN++ InP at 190 keV/4×1015 ions/cm2

from SIMS and as simulated byTRIM . . . . . . . . . . . . . . . . 57
3.14 RBS plots indicating an amorphous region after anneal . . . . . . . 58
3.15 Resistivity with anneal for Fe implanted in 130nm N−/80nmN++

InP at 190 keV/4×1015 ions/cm2 . . . . . . . . . . . . . . . . . . . 59
3.16 Damage in InP due to Fe implanted at 150 keV . . . . . . . . . . . 60
3.17 SixNy implant mask for 300 keV Si implant in SI InP . . . . . . . . 61

4.1 Planar view of a standard mesa HBT fabricated at UCSB . . . . . . 66
4.2 Air bridge to isolate the base access pad: Courtesy NTT, Japan . . . 67
4.3 Basic implanted subcollector HBT process flow . . . . . . . . . . . 69
4.4 Concentration profile of Si in InP for implant conditions in Table 4.1 71
4.5 AFM scans of selectively implanted sections . . . . . . . . . . . . . 73
4.6 Device isolation between ohmic pads separated by 5µm . . . . . . 74
4.7 Base collector leakage upon annealing . . . . . . . . . . . . . . . . 78
4.8 Tungsten alignment targets after high temperature anneal . . . . . . 79
4.9 EDX spectra of the defects on the Tungsten targets after anneal . . . 79
4.10 TiW alignment targets after high temperature anneal and MBE growth 80
4.11 Layout of implant mask, seen with the emitter, base and base access

pad . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.12 Electron concentration and Ground state energy level of quantum

wells (4nm and 5nm) of UID InGaAs sandwiched between the col-
lector and SI InP . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.13 DC characteristics and base-collector leakage . . . . . . . . . . . . 86
4.14 CV characteristics and doping profile . . . . . . . . . . . . . . . . . 87
4.15 Band diagram of Implanted subcollector DHBT atVbe = 0.8V and

Vcb = 0.2V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.16 Base and Collector TLM measurements . . . . . . . . . . . . . . . 90
4.17 DCIC − VCE characteristics . . . . . . . . . . . . . . . . . . . . . 91
4.18 Gummel curves atVcb = 0V and 0.3V . . . . . . . . . . . . . . . . 92
4.19 DC gain of the HBT atVcb = 0V and 0.3V . . . . . . . . . . . . . . 92
4.20 Leakage currents in the device . . . . . . . . . . . . . . . . . . . . 93
4.21 Extraction of Emitter resistance, and thermal resistance . . . . . . . 93
4.22 Extraction of Collector resistance . . . . . . . . . . . . . . . . . . . 94
4.23 Microwave gains of Si implanted subcollector DHBTs . . . . . . . 95
4.24 Capacitance voltage characteristics, atIc = 0 mA, of implanted sub-

collector DHBTs with the base pad isolated . . . . . . . . . . . . . 97

xiv



4.25 C-V measurements of HBTs where active device layers are grown
over a 200 nm UID InP/300 nmN++ InP template. Various lev-
els ofp++ In0.53Ga0.47As layers are overgrown as the first layer on
the template to determine thep++ doping required to compensate
interface charge . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.26 Interface charge density on 200 nm UID InP/300 nmN++ InP tem-
plate with 4 nm of 5×1018 cm−3 p++ In0.53Ga0.47As overgrowth . . 100

4.27 CV measurements of pedestal templates implanted with varying de-
grees of Fe compared with a standard, fully epitaxial DHBT . . . . 103

4.28 C-V’s of various test structures: Fe is implanted at 2×1013 ions/cm2:
This data was obtained at RSC . . . . . . . . . . . . . . . . . . . . 104

4.29 C-V’s of various test structures: Fe is implanted at 4×1013 ions/cm2:
This data was obtained at RSC . . . . . . . . . . . . . . . . . . . . 105

4.30 C-V characteristics of standard fully epitaxial HBT, regrown HBT
with only Fe implant on 200 nm UID InP/ 300 nmN++ InP tem-
plate, and regrown HBT with Fe and Si pedestal implants on 200 nm
UID InP/ 300 nmN++ InP template . . . . . . . . . . . . . . . . . 107

4.31 Comparison of reverse base collector leakage characteristics of std.
mesa HBT, regrown HBT with Fe implanted on 200 nm UID InP/
300 nmN++ InP template, and regrown HBT with Fe and Si pedestal
implants on 200 nm UID InP/ 300 nmN++ InP template . . . . . . 108

4.32 DC characteristics of regrown HBT with Fe charge compensation
implant and Si pedestal implants on 200 nm UID InP/ 300 nmN++

InP template. The device characteristics of the standard fully epi-
taxial DHBT is shown for comparison . . . . . . . . . . . . . . . . 109

4.33 Process flow of the Implanted subcollector DHBT with Fe . . . . . 112
4.34 Base and Collector TLM measurements . . . . . . . . . . . . . . . 113
4.35 DCIC − VCE characteristics . . . . . . . . . . . . . . . . . . . . . 114
4.36 Gummel curves atVcb = 0V and 0.3V . . . . . . . . . . . . . . . . 115
4.37 DC gain of the HBT atVcb = 0V and 0.3V . . . . . . . . . . . . . . 116
4.38 Leakage currents in the device . . . . . . . . . . . . . . . . . . . . 116
4.39 Extraction of Emitter resistance, and thermal resistance . . . . . . . 117
4.40 Extraction of Collector resistance . . . . . . . . . . . . . . . . . . . 117
4.41 Extraction offτ - The slope of Imag(1/h21) is fτ . . . . . . . . . . . 119
4.42 Microwave gains of Si implanted subcollector DHBTs . . . . . . . 120
4.43 Capacitance voltage characteristics, atIc = 0 mA, of implanted sub-

collector DHBTs with the base pad isolated . . . . . . . . . . . . . 121
4.44 Hybrid-π device model at peakfτ , fmax . . . . . . . . . . . . . . . 122
4.45 Measured S-parameters of the HBT and simulated S-parameters of

the extracted hybrid-π equivalent circuit . . . . . . . . . . . . . . . 123

xv



4.46 Capacitance voltage characteristics, atIc = 0 mA, of implanted sub-
collector DHBTs with the base padnot isolated . . . . . . . . . . . 123

4.47 Capacitance voltage characteristics, atIc = 0 mA, of implanted sub-
collector DHBTs with Fe, of different geometries with the base pad
isolated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.1 Various approaches to collector scaling . . . . . . . . . . . . . . . . 131
5.2 Pedestal HBT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.3 Implanted pedestal-subcollector DHBT process . . . . . . . . . . . 136
5.4 Distribution of Fe and Si from SIMS and simulated by TRIM . . . . 139
5.5 Distribution of Fe and Si after anneal . . . . . . . . . . . . . . . . . 140
5.6 Distribution of Active Fe and Si calculated from Hall and SIMS . . 141
5.7 Crystallinity with co-implants of Si and Fe before any anneal . . . . 142
5.8 Crystallinity of Si and Fe co-implanted InP annealed at 700◦C/5 min 142
5.9 ...A more convincing scale . . . . . . . . . . . . . . . . . . . . . . 143
5.10 Surface scans of the Si and Fe co-implanted substrate . . . . . . . . 145
5.11 Sckottky diodes on Fe and Si implanted substrate . . . . . . . . . . 147
5.12 Sckottky diodes on Fe and Si implanted substrate . . . . . . . . . . 148
5.13 Ohmic transport betweenN++ pads . . . . . . . . . . . . . . . . . 149
5.14 Sckottky diode characteristics of Fe and Si implanted substrate . . . 149
5.15 C-V of the Schottky diodes on Fe and Si implanted substrate, indi-

cating the thickness of the SI depletion region . . . . . . . . . . . . 150
5.16 C-V of the Schottky diodes when Fe and Si are co-implanted and

activated together, and when Fe is activated first followed by Si . . . 151
5.17 Concentration of Si and Fe after all three implants . . . . . . . . . . 152
5.18 Crystallinity after all implants and dry etch . . . . . . . . . . . . . 153
5.19 Lateral spread in the pedestal due to implant, assuming 2×1019cm−3

doping at the mask edge. The lateral straggle is defined as the point
when the Si concentration falls below the active Fe doping∼ 5×1018 154

5.20 Lateral spread in the pedestal due to 100 KeV Si implant. The lateral
straggle is defined as the point when the Si concentration falls the
active Fe doping calculated fromTRIM with Fe activation assumed
to be 40% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.21 Straggle TLMs with varying spacingx, and widthw– the shaded
regions are implanted with Si, and ohmic contacts are formed over
these . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.22 Resistive straggle of Si pedestal implant in Fe activated layer . . . . 157
5.23 DC measurements of large area devices on Si and Fe implanted sub-

strate – representative of extrinsic DHBT . . . . . . . . . . . . . . 159

xvi



5.24 ICBO of large area devices on Si and Fe implanted substrate – rep-
resentative of extrinsic DHBT . . . . . . . . . . . . . . . . . . . . 160

5.25 C-V measurements of large area devices on Si and Fe implanted sub-
strate, showing a 55% decrease in extrinsic capacitance compared
to a standard epitaxial DHBT . . . . . . . . . . . . . . . . . . . . . 160

5.26 Vbe andVcb in the output characteristics . . . . . . . . . . . . . . . 161
5.27 HighVos and highVknee in the output characteristics . . . . . . . . 161
5.28 Collector TLM structure for the implanted pedestal subcollector DHBT162
5.29 Base and Collector TLM measurements . . . . . . . . . . . . . . . 163
5.30 DCIC − VCE characteristics . . . . . . . . . . . . . . . . . . . . . 164
5.31 Gummel curves atVcb = 0V and 0.3V . . . . . . . . . . . . . . . . 165
5.32 DC gain of the HBT atVcb = 0V and 0.3V . . . . . . . . . . . . . . 166
5.33 Extraction of Collector resistance from saturation characteristics . . 166
5.34 Collector resistance at variousβ’s . . . . . . . . . . . . . . . . . . 167
5.35 Extraction of Emitter resistance, and thermal resistance . . . . . . . 167
5.36 Leakage currents in the device . . . . . . . . . . . . . . . . . . . . 168
5.37 Safe Operating area of the device . . . . . . . . . . . . . . . . . . . 168
5.38 Microwave gains of Si implanted subcollector DHBTs . . . . . . . 169
5.39 Variation ofCcb with Ccb at Ic = 0 mA for a mesa HBT and the

pedestal HBT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
5.40 Variation ofCcb with Vcb at differentIc to show the effect of high

series collector resistance . . . . . . . . . . . . . . . . . . . . . . . 171
5.41 Ccb/Ic as a function of bias . . . . . . . . . . . . . . . . . . . . . . 172
5.42 C-V measurements of a device without anN++ pedestal and one

with N++ subcollector and pedestal everywhere in the device foot-
print so that it resembles a mesa geometry. . . . . . . . . . . . . . . 174

5.43 Normalized C vs. pedestal width to determine capacitive straggle
due to implant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5.44 To obtain submicron features for implant mask... . . . . . . . . . . 175
5.45 SIMS of the HBT layer stack after growth on implanted layers.

There is no pedestal implant here . . . . . . . . . . . . . . . . . . . 176
5.46 Reverse collector ohmic process . . . . . . . . . . . . . . . . . . . 177
5.47 Excess Collector resistance of devices of various geometry . . . . . 178
5.48 Special test structures to find the source of excessRc . . . . . . . . 178
5.49 SIMS of the HBT layer stack after growth on implanted layers.

There is no pedestal implant here . . . . . . . . . . . . . . . . . . . 179
5.50 Distribution of Fe and Si after anneal . . . . . . . . . . . . . . . . . 180
5.51 CV measurements of Schottky diodes to determine the depletion

thickness for these implant conditions . . . . . . . . . . . . . . . . 180

xvii



6.1 Proposal of a collector-up process with implants . . . . . . . . . . . 186
6.2 Trench isolation for InP HBTs . . . . . . . . . . . . . . . . . . . . 186

A.1 The conditions used for SIMS in this dissertation . . . . . . . . . . 189
A.2 A sample RBS spectra for SI InP:Fe substrate . . . . . . . . . . . . 190
A.3 AFM scan of SI InP substrate . . . . . . . . . . . . . . . . . . . . . 191

B.1 BCB etch rate for the given CF4/02 recipe . . . . . . . . . . . . . . 220

xviii



List of Tables

2.1 Summary of simultaneous parameter scaling for aγ:1 increase in
HBT and circuit bandwidth . . . . . . . . . . . . . . . . . . . . . . 32

2.2 Expected performance of a scaled InP DHBT with and without im-
planted collectors . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1 Silicon Implant in InP as calculated byTRIM . . . . . . . . . . . . 50
3.2 Implant conditions for basic, implanted subcollector HBT process . 52
3.3 Hall measurements of resistivity and mobility for Si implants . . . . 52

4.1 Implant conditions for basic, implanted subcollector HBT process . 72
4.2 Hall measurements of resistivity and mobility for Si implants . . . . 72
4.3 Contact resistivity of various metalization schemes to Si implanted

InP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.4 Contact resistivity of base, emitter and collector ohmics at various

anneals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.5 Layer structure: Si Implanted subcollector, 120 nm collector, 30 nm

base . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.6 Implant conditions for implanted subcollector HBT process with Fe 110
4.7 Hall measurements of resistivity and mobility for Si implants . . . . 110
4.8 Effective base access pad area isolated. The% Ccb reduction ex-

pected is in parenthesis . . . . . . . . . . . . . . . . . . . . . . . . 124

5.1 Implant conditions for implanted pedestal-subcollector HBT process 138
5.2 Hall measurements of resistivity and mobility for deep Si and Fe

implant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.3 Implant conditions for formation ofN++ pedestal . . . . . . . . . . 152
5.4 Contact and sheet resistivities . . . . . . . . . . . . . . . . . . . . . 158

xix



1
Introduction

HIGH performance, manufacturable transistors are required for significant im-
provements in the bandwidth, dynamic range, power consumption and inte-

gration level of mixed-signal ICs used in military radar and communications trans-
mitters. Large integration scales,≈ 20,000 transistors, will be needed to realize
complex signal processing functions, and power per gate must be accordingly re-
duced to achieve acceptable thermal densities for reliable device operation. Future
microwave DACs and DDFS ICs will operate at 100-200 GHz clock speeds and will
contain104 - 105 transistors. This requires a breakthrough in combined IC speed
and integration scales.

Despite tremendous advancements in CMOS technology, bipolar transistors re-
main competitive owing to larger breakdown voltages obtainable and more tolerant
lithographic dimensions at a given bandwidth. SiGe and InP heterojunction transis-
tors (HBTs) are the main competing high speed IC technologies. InP heterojunction
transistors benefit from high carrier mobilities and saturated velocities and are com-
patible for integration with 1.3 - 1.5µm optoelectronic components such as lasers
and photodetectors [1]. SiGe HBTs have smaller junction dimensions and smaller
extrinsic parasitics due to the maturity of the advanced silicon processes. Conse-
quently, digital circuit speed in SiGe and InP has been comparable [2], with SiGe
offering higher integration scales. Further scaling of InP HBTs is therefore impor-
tant, and with the adoption of advanced SiGe-like fabrication processes, large poten-
tial improvements in speed and yield of InP HBTs are possible. InP HBT processes
utilizing ≈ 500 nm width emitter junctions (We) and 500 nm width base contacts
(Wb) have demonstrated 350 GHzfτ , 400 GHzfmax and 150 GHz static frequency
dividers [3, 4].

For ≈ 2:1 improvement in bandwidth, the collector layer must be thinned 2:1
and the base thinned

√
2:1. The operating current density must be increased 4:1

and the emitter resistance per unit emitter junction area reduced 4:1. Emitter and
collector junction widths must both decrease 4:1. If the base contacts lie above

1



CHAPTER 1. INTRODUCTION

the active collector-base junction, the contact width and the contact resistivity must
both decrease 4:1 [5]. In addition to difficulties in reducing contact resistivity, very
narrow base contacts present challenges in process design for high yield fabrication
and present significant bulk metal resistance along the length of the contact. Further,
the parasitic base interconnect pad capacitance becomes a significant fraction of the
total in small-area HBTs used in low-power logic.

This work describes InP DHBTs that address the above scaling issues and sug-
gests a restructuring of the III-V fabrication scaling process to closely follow the
Si/SiGe techniques. Fabrication steps have been developed aimed at improving the
performance and manufacturability of a submicron InP DHBT device. The device
epitaxy has been tailored to support a submicron process, with device parameters
that are optimized for high digital logic speeds and not necessarily traditional tran-
sistor figures-of-merit (fτ , fmax). Work has been presented on two unique device
topolgies.

The first topology is a selectively implanted subcollector and pedestal HBT tech-
nology. Scaling of the collector base junction is achieved by the by the use of Fe
and selective Si implants. DHBTs with implanted subcollector DHBTS are fabri-
cated where the the parasitic capacitance associated with the area of the base access
padCcb,pad, is eliminated. A reliable method for compensating the charge associ-
ated with the InP growth interface is also demonstrated. Further reduction in ex-
trinsic collector base capacitanceCcb, is achieved by the addition of a selectively
implanted pedestal in the second device topology. InP DHBTs employing a buried
N++ sub-collector andN+ collector pedestal formed fully by ion implantation are
demonstrated. This novel DHBT structure provides the following enhancements
over the existing pedestal InP DHBTs [6, 7]: reduced extrinsicCcb associated with
the pedestal, compensation of charge at the epitaxial growth interface, elimination
of Ccb in the base interconnect pad area, a single MBE growth and increased wafer
planarity and hence potentially improved yield in the fabrication of large circuits. In
this first demonstration of the fully implanted pedestal-subcollector DHBTs, thefτ

andfmax are a record for transistors with implanted collectors.
This thesis is logically structured to explain the steps taken towards a SiGe-like

highly scaled, manufacturable InP HBT. Chapter 2 discusses the basic theory and
design of an InP based DHBT. Scaling laws for increasing HBT and digital IC band-
width, and physical limits to scaling are presented. Chapter 3 presents the theory
of ion implantation in InP and discusses the design of Silicon (Si) and Iron (Fe)
implants in InP. The results pertaining to Si and Fe implants and high temperature
annealing of InP are presented. Chapter 4 may be considered as two parts. In
the first half, device results are presented for a DHBT with implanted subcollectors
formed by a single Si implant. The effect of growth interface charge is shownand
and an approach to eliminate this is proposed and developed. The second half, disc-
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CHAPTER 1. INTRODUCTION

cuses the fabrication and device results of implanted subcollector DHBTs with two
ion implants are discussed. Chapter 5 describes in depth the design and performance
of the implanted pedestal-subcollector DHBT. Chapter 6 summarises the research
effort and outlines directions for future work.
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2
InP DHBT Theory and Design

ADVANCES in the design and fabrication of InP heterojunction bipolar transis-
tors have been made at UCSB since 1994. In this chapter, the InP HBT layer

structure and HBT scaling laws are presented. The transit times, resistances and ca-
pacitances are examined. The various transistor figures-of-merit are described. The
delays associated with a digital latch, regularly employed as retiming elements and
decision circuits is derived. Lastly, device modeling and scaling limits are discussed.

2.1 Emitter
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Figure 2.1: Energy band diagram of a typical HBT withVbe =0.9V andVcb =0.2V

The band diagram of a typical NpN InP based DHBT is shown in Fig. 2.1. Un-
der normal operation, the emitter base junction is forward biased. This lowers the
emitter base potential and injects electrons into the base. As seen in Fig. 2.2, the
emitter layer stack consists of very highly dopedInxGa1−xAs used as the contact
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CHAPTER 2. INP DHBT THEORY AND DESIGN

Figure 2.2: Layer structure of a typical UCSB mesa-DHBT

layer and aN− InP emitter. The InP-InGaAs base emitter heterojunction can be
abrupt or graded. The DC current gain of a graded junction is higher than that of an
abrupt junction since the hole barrier is larger. The ratio of emitter current between
an abrupt and a graded emitter junction is

IE,abrupt

IE,graded
' exp

(
−∆Ec

kT

)
(2.1.1)

where∆Ec is the conduction band discontinuity between InP andIn0.53Ga0.47As
of the base. However grading presents many challenges and the base-emitter grade
design is not straightforward for the forward biased junction [1]. It can be argued
that for an abrupt emitter-base junction, the electrons that surmount the barrier are
injected with a substantial kinetic energy roughtly equal to∆Ec. This kinetic energy
corresponds to a high velocity which influences the base and collector transit times
[2]. Besides the choice between a graded and abrupt base-emitter heterojunction,
the 3 parameters about the emitter design are the InP emitter layer thickness (XE),
doping level (NE) and the choice of emitter cap.XE andNE influence the base-
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emitter junction capacitance.Cje per unit area is given by

Cje =
εInP

Xdep,E

' εInP√
2εInP

qNE
(φBE − VBE)

(2.1.2)

Cje is not purely a depletion capacitance and makingXdep,E (or XE ) large fails in
the limit of large depletion thicknesses. The emitter base junction capacitanceCje

can also be given by,

Cje = Cje1 + Cje2 =
εInP LeWe

Xdep,E

+ κXdep,ETbIc (2.1.3)

whereTb is the base thickness andκ is a constant. If the current density is increased,
while maintaining constantXdep,E, the stored mobile electron charge is increased. It
can be shown that the ideality factorη is,

η = 1 +
1

q

∂(∆Efn,eb)

∂Vbe
(2.1.4)

where∆Efn,eb is the change in quasi-Fermi energy due to recombination at the base-
edge of the emitter. To maintain a high current density without significant voltage
drop in the base-emitter depletion region, a high electron density is to be maintained.
However, to obtain obtain a low ideality factor, the electron concentration in the
depletion region must be kept high while keeping the thickness of the depletion
region small. The emitter charging timeτe = (kT/ηqIc) · Cje is one of the major
delay components determiningfτ and maximum digital logic speed [3].

The delay termRex Ccb is a major limit to HBT scaling andRex degrades the
digital noise margin. The emitter layer structure consists of a heavily doped and
narrow bandgap contact layer (cap), a highly dopedN++ wide bandgap emitter and
a low dopedN− emitter of thicknessXE and dopingNE. If the heterointerfaces are
designed properly to avoid conduction band barriers between layers, and if the thick-
nesses of theN++ layers are not significantly larger thanXE , the parasitic emitter
resistance is determined mostly by the contact resistance between the metal and the
semiconductor and the resistance in the undepleted portion of theN− emitter. The
emitter resistance for a standard mesa DHBT is then given by

Rex ' ρc,e

LeWec

(2.1.5)

whereρc,e is the emitter specific contact resistivity andρe1,is the bulk resistivity
of the N− emitter layer and the other dimensions are as shown in Fig.??. For
submicron junctions, the junction widthWej is smaller than the contact width due
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to the lateral undercutting during the wet etching of the emitter. Surface depletion
of the N− layer further reduces the width of the electrically active junction. An
undoped emitter is reported [4] to provide a higherfτ at a given current densityJc.
However, low doping leads to higher emitter charging times at high current densities.

2.1.1 Emitter Resistance

The emitter resistance is primarily determined by the ohmic contact resistance
ρc. The ohmic resistivityρc is,

ρc ∝ exp

[
ΦB

N
1
2

]
(2.1.5)

The resistivity is proportional to the barrier heightΦB and the doping of the emit-
ter cap [5]. The resistivity can be reduced by using a highly doped, low bandgap
semiconductor as the emitter cap. For the DHBTs described here, the emitter cap
is In0.85Ga0.15As which has a lower band gap thanIn0.53Ga0.47As. These are doped
at over 3×1019 cm−3. The maximum doping is limited by the solid solubility of
Si dopants inIn0.85Ga0.15As. The thickness of the emitter cap is 40 nm. This is
limited by the Matthews-Blakeslee critical limit for strainedIn0.85Ga0.15As growth.
Furthermore, the cap is kept thin to prevent excessive undercut of the In1−xGaxAs
layers during the emitter wet etch.

2.2 Base

The base-emitter turn on voltage is approximately the built in potential and for
the abrupt emitter-base junction used in the designs in this thesis is given by,

φbi =
Egb + ∆Ec − φp − φn

q
(2.2.0)

Egb is the bandgap of of the base layer. Ignoring high doping effects,Egis ≈ 0.76
eV for In0.53Ga0.47As, ∆Ec is the conduction band offset to InP≈ 0.26 eV.φp is
the hole quasi Fermi level in the base with respect to the valence band andφn is the
electron quasi Fermi level in the emitter with respect to the conduction band. For
non-degenerately doped semiconductors, these electron and hole quasi Fermi levels
are described by,

φn = Ec − Efn (2.2.1)

φp = Efp − Ev (2.2.2)
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The p++ In0.53Ga0.47As base is usually between 20-100nm and doped well over
1019cm−3. The electron and hole currents in the base are,

Jn = µn
d

dx
φn (2.2.3)

Jp = µp
d

dx
φp (2.2.4)

The hole current should be very small≈ 0 in a well designed bipolar transistor.
The following generalized Moll-Ross current relation for a bipolar transistor with a
non-uniform base is derived by Kroemer [6] as

Jn ≈ −
q · exp( qVbe

kT
)∫

base
[p/Dn · n2

ib] dx
(2.2.4)

Here,Dn is the electron diffusivity in the base andnib is the intrinsic carrier concen-
tration in the base.

The time it takes for an electron entering from the emitter to traverse across the
base is the base transit time and can be expressed as,

τb =
QB

In
=

∫ Tb

0
q · n(x) dx

Jn
(2.2.4)

whereTb is the base thickness. When the electron transport is purely diffusive, the
transit time is classically given by,

τb =
T 2

b

2Dn
(2.2.4)

This transit time calculation assumes uniform composition and doping in the base.
To reduceτb, an electric field can be established in the base to so that electron trans-
port is aided by the drift field [7]. If the grading of the base conduction band is
linear, Equ. 2.2 is rewritten as,

τb =
T 2

b

Dn

(
kT

∆E

)[
1 − kT

∆E

(
1 − exp−∆E/kT

)]
(2.2.4)

where∆E is the potential due to grading across the base. The grading may be done
compositionally to vary the base bandgap or by varying the base doping. The HBTs
presented in this work employ a doping grade producing a∆E ∼ 50 meV. This in
turn reducesτb by ∼ 50% compared to an ungraded base. For transistors with very
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thin bases operating at high current densities, Shockley’s boundary conditions cases
to be valid

τb =
T 2

b

Dn

(
kT

∆E

)[
1 − kT

∆E

(
1 − exp−∆E/kT

)]
+

Tb

υexit

(
kT

∆E

)(
1 − exp−∆E/kT

)

(2.2.4)
TheTb/υexit contribution is usually ignored by assuming that the electron concen-
tration at the collector side of the base is zero. For a thin base this assumption is not
valid and the correction term accounts for the finite electron concentration that exits
the base. For bases thicker than 20nm, the base transit timeτb ∼ T 2

b , while for bases
thinner than 20nm, the base transit timeτb ∼ Tb.

The base current components in a well designed HBT consists of bulk recom-
bination current, surface recombination current, emitter-base space charge recom-
bination current. These components need to be minimised to increase the current
gain of the transistor. The surface recombination current is directly proportional to
the emitter periphery. Unlike the GaAs surface, the freeIn0.53Ga0.47As has a much
lower surface recombination velocity of∼ 1 × 103cm/s. Further, BCB is used for
device passivation and reduces the surface leakage current, compared to polyimide
or SixNy [8]. The base current is dominated by Auger recombination in the bulk.
The Auger recombination rate is given as

UA = C(n + p)(np − n2
i ) ≈ (CN2

A) ·∆n =
∆n

τr
(2.2.4)

where C is the Auger recombination co-efficient and∆n is the excess electron con-
centration in the base andτr is called the recombination lifetime and is a material
parameter. The current gain can now be expressed as

β =
τn

τr

(2.2.4)

The current gain is thus inversely proportional to the base thickness and the base
doping. Reducing the base thickness and base doping however increases the base
resistance and impacts thefmax of the bipolar transistor. The base resistance for a
two sided base contact is given by,

Rbb = Rbb,contact + Rbb,gap + Rbb,spread (2.2.5)

Rbb,contact =

√
ρc · Rsh,b

2LE
coth

WB

LT
where,LT =

√
ρc/Rsh,b

Rb,gap = Rsh,b
Wgap

2LE
andRb,spread = Rsh,b

WE

12LE

Rbb =
1

2

Rsh,b

Le

[
Lt coth

Wb

Lt
+ Wgap +

We

6

]
(2.2.4)
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whereρc (Ω · µm2) andRsh,b (Ω/2) are the specific contact resistivity and sheet
resistance of the base, andLT is called the ohmic transfer length. The base contact
resistance is∝ LT . Therefore, scaling down the base-collector junction laterally
increases the base resistance exponentially as seen in Eqn. 2.2.4. The base resis-
tance is usually higher than the emitter and collector resistances due to the heavier
effective mass and lower mobility of the hole.

When current is flowing through the device, an important reduction of extracted
value ofRbb is observed as seen on Fig. 2.10 in§??. This decrease ofRbb is due
to decrease in Rbb,spread, attributed to electron injection in intrinsic base [?]. If av-
erage electron velocity in the is about 3×107 cm/s, an emitter current density of 2
mA/µm2 induces an electron concentration of 4×1016 ρc. This modifies the resis-
tivity in the intrinsic base, due to the high electron mobility inp++ In0.53Ga0.47As
of ∼ 3000cm2/V · s, compared to the hole mobility of≈ 40 cm2/V · s.

2.3 Collector

The collector design is critical to the performance of high speed transistors.
There are breakdown advantages when the collector layer is made of a widegap
material. In InP/InGaAs DHBTs, there is a discontinuity in the conduction band
between theIn0.53Ga0.47As base and the InP collector layers. In order to prevent
blocking of current, this discontinuity is removed by grading the energy gap from
the base to the collector. The collector layer is thus a composite structure consisting
of a In0.53Ga0.47As setback, aIn0.53Ga0.47As- InP grade and wide bandgap InP col-
lector as seen in the energy band diagram in Fig.??. The base-collector grading can
be accomplished in one of two ways

• In1−xGaxAsyP1−yquarternary lattice matched to InP. By varying the ratio of
the Group V element (As, P), from y=1→ y=0, the energy band is progres-
sively graded fromIn0.53Ga0.47As to InP [9]. This is particularly convenient
for MOCVD growth.

• InGaAs/InAlAs super-lattice grade with intermediate effective bandgap [10].
A chirped superlattice ofIn0.53Ga0.47As andIn0.52Al0.48As is form results in
delocalised electron states resulting in an effective bandgap. The periodicity
has to be kept small, compared to the electron wavelength, to prevent electron
reflection. In all the designs described in this thesis, the super lattice period is
1.5nm.

The electric field due to the grade, given by∆Ec/Tgrade, opposes the built-in field.
Two δ doping layers at the end of the grading lengthTgrade, acceptor at the base end

10



CHAPTER 2. INP DHBT THEORY AND DESIGN

and donor at the collector end forms a dipole that cancels out the electrostatic field
due to the grade [11]. The sheet charge density of this doping layer is given by

NδTδ =
εoεr∆Ec

q2 · Tgrade
(2.3.0)

whereNδ andTδ are the doping concentration and thickness of theδ layer. A setback
layer of N-typeIn0.53Ga0.47As is usually inserted between the base and the grade.
This layer serves to ensure that have electrons have sufficient kinetic energy before
entering the grade [10]. The potential drop in the setback layer,∆φsetback, can be a
significant fraction ofφbi which could result in lower breakdown. A rule of thumb is
to design the setback such that∆φsetback = ∆Ec. The rest of the collector consists
of wide bandgap InP. The doping in the collector is chosen so that the collector is
fully depleted at zero bias. To ensure full depletion in the collector at zero bias,

φbi ≥
qNc(Tsetback + Tgrade)

2

2εoεr
+

qNδTδ(Tsetback + Tgrade)

εoεr
+

qNcT
2
InP

2εoεr
− Tgrade∆Ec

q
(2.3.0)

whereTsetback, Tgrade andTInP are the thicknesses of the setback, grade and InP
layers respectively.Nc is the doping of the collector. From this expression the
maximum allowable collector doping to ensure full collector depletion is,

Nc,max ≈ 1

T 2
InP

[
2εoεr

q
(φbi − ∆φsetback − ∆φgrade)

]

where∆φsetback and∆φgrade are the potential drops in the setback and grade layers.
The potential dipole reduces the maximum collector doping significantly.

The transit time for an electron to through the collector is given by

τc =

∫ Tc

0

1 − x/Tc

υ(x)
dx ≡ Tc

2υeff

whereτc is the collector transit time,υ(x) andυeff are the position-dependent and
effective electron velocities in the collector drift region.

The subcollector layer is 300 nm of Si dopedN++ InP. The subcollector is de-
signed to reduce the collector resistance. The expression for collector resistance of
a standard mesa DHBT, for a two sided collector contact is,

Rc = Rc,contact + Rc,gap + Rc,spread (2.3.0)

Rc =
1

2

Rsh,s

Le

[
Lt + Wc,gap +

Wcb

6

]

11
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whereρc (Ω · µm2) andRsh,s (Ω/2) are the specific contact resistivity and sheet
resistance of the sub-collector,Wcb is the width of the collector mesa,Wc,gap is the
spacing between the collector mesa and contact,Le is the emitter junction length,
andLt is the ohmic transfer length equal to

√
ρc/ρs. Rgap andRc,spread are reduced

by decreasing the sheet resistance of the subcollector which can be expressed as

Rsh,s =
1

qµn · Nsc · Tsc
(2.3.0)

whereTsc is the thickness of the subcollector layer,µn is the mobility of the major-
ity electrons, inN++ InP,µn ∝ N−0.2[12]. Si is an amphoteric dopant in InP and
above certain doping levels(∼ 4E19 cm−3) starts to self compensate. The doping
is chosen to obtain the lowest possible resistivity in theN++ layer. From the above
expression, increasing the the subcollector thickness reduces the sheet resistance but
thisT−1

sc decrease is insignificant beyond≈ 0.5µm. There is a practical concern for
thick subcollectors in a standard triple mesa DHBT where device isolation is done
by etching through the subcollector to the substrate. A thick subcollector thus re-
sults in a highly non-planar device which can compromise yield. A major portion
of this thesis addresses these issues through the use of implanted subcollectors de-
scribed in Chapter?? . To reduce the contact resistance, a thin layer of highly doped
In0.53Ga0.47As is used as the contact layer in standard triple mesa DHBTs [13].
Ternary materials have poor thermal conductivity (0.05 W/cm-K forIn0.53Ga0.47As
vs. 0.88 W/cm-K for InP) due to phonon Rayleigh scattering from the alloy disorder.
This layer is kept thin to minimise the thermal resistance [14]. As will be described
in detail in Chapter?? , in the implanted DHBTs this InGaAs layer is undoped and
designed to be 3.5 nm and is used as an etch-stop layer. The collector contact in
these DHBTs is made toN++ InP.

2.3.1 Base-collector depletion capacitance,Ccb

The depleted space charge in the collector can be modeled as a parallel plate
capacitance [15]. The collector is designed to be fully depleted at zero bias. This
ensures a minmal variance in collector base capacitance as increased reverse bias is
applied. For the mesa HBT structure shown in Fig. 2.3, the four components of the
collector-base capacitance are,

Ccb = Ccb,ex + Ccb,gap + Ccb,i + Ccb,pad (2.3.0)

Ccb,ex = 2
εoεrLeWb

Tc
, Ccb,gap = 2

εoεrLeWgap

Tc
, Ccb,i =

εoεrLeWe

Tc
, Ccb,pad = 2

εoεrApad

Tc

12
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Base 
access 
 pad

Collector  
contact Emitter

Base 
contact

Figure 2.3: Top view of the mesa HBT showing the metal contacts

, whereWb is the width of the base metal-semiconductor junction,Wb,gap is the
spacing between the base contact and emitter mesa, andWe andLe are the width
and length of the emitter junction.Apad is the base access pad as seen in Fig. 2.3. A
major portion of this thesis concerns the reduction of the collector-base capacitance.
The collector base capacitance can be modeled as

Ccb = −∂Qbase

∂Vcb
(2.3.0)

But the transit timeτf ,

τf = τc + τb ≡
∂Qbase

∂Ic
(2.3.0)

Therefore from Eqns. 2.3.1 and 2.3.1,

∂Ccb

∂Ic
= − ∂τf

∂Vcb
(2.3.0)

If ∂τf

∂Vcb
> 0, then∂Ccb

∂Ic
< 0. This is called collector velocity modulation.

2.4 Figures of merit

Various figures of merit are used to describe the transistor.

13
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2.4.1 Current-gain cutoff frequencyfτ

The current gain cut-off frequency for a bipolar transistor is given by [16],

1

2πfτ
= τc + τb + Ccb · (Rex + Rc) +

ηkT

qIe
(Ccb + Cje) (2.4.0)

whereτc andτb are the collector and base transit times,Ccb andCje are the depletion
capacitances for the collector and emitter,Rc andRex are the series resistances of
the collector and emitter, and(ηkT/qIc)

−1 is the transconductance of the HBT. For
a typical mesa DHBT with 120nm collector, 30nm base, emitter junction = 0.65×
4.3µm2, ρc,C = ρc,E= 10Ω · µm2, base mesa width =1.3µ m, τc = 0.188ps, τb =
0.104ps,Ccb · (Rex + Rc) = 0.044ps, ηkT

qIe
(Ccb + Cje) = 0.030ps. The collector and

base transit delay are seen to be dominant for the HBT described. As the devices
are scaled vertically, these delays decrease. However the time constants associated
with charging the base-collector capacitance starts to dominate. Thus reduction of
base-collector capacitance gains significance as devices are scaled.

2.4.2 Power-gain cutoff frequencyfmax

The HBT maximum oscillation (unity power-gain) frequency is,

fmax =

√
fτ

8π(RbbCcb)eff
(2.4.0)

dependent upon the HBTfτ and a time constantRbbCcb)eff that includes the effects
of the distributed base-collector network [17]. Each component ofCcb is charged
through a certain portion of the base resistanceRbb. Utilizing the definitions forCcb

andRbb from Equ. 2.3.1 and 2.2.4 and assuming little undercut of the base-collector
mesa,

(RbbCcb)eff ≈ Ccb,iRbb+Ccb,gap(Rb,cont+Rb,gap/2)+Ccb,exRb,cont,0+CpadRb,cont,pad

(2.4.0)
where the collector-base capacitance underneath the emitter stripeCcb,i is charged
through the entire base resistance, and the gap capacitanceCcb,gap between the emit-
ter mesa and base contact is charged through (Rb,cont + Rb,gap/2). The extrinsic
collector-base capacitanceCcb,ex underneath the base contact is charged by currents
traversing vertically through the contact above it, having a resistanceRb,cont,0 =
ρc/LeWb. The pad capacitance is charged by the vertical contact resistance asso-
ciated with the base access pad,Rb,cont,pad = ρc/Apad). For the sake of simplicity,
Eqn. 2.4.2 forfmax ignores the effect of the collector and emitter series resistances
sinceRbb is usually much larger thanRc andRex. Power is dissipated in these resis-
tances and their effect must be included especially if these resistances are∼ Rbb.

14
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2.4.3 Maximum current densityJkirk

As the collector current density is varied, the injected electrons screen the back-
ground doping and modify the electric field profile in the collector. To account for
this injected charge, Poisson equation can be written,

−d2φ

dx2
=

dE

dx
=

1

εoεr

[
qNc −

J(x)

υ(x)

]
(2.4.0)

whereεoεr is the dielectric constant,Nc the collector doping,J(x) the collector
current density, andυ(x) the electron velocity in the collector. Integrating Equ. 2.4.3
to solve for the electric field E(x),

E(x) =
1

εoεr

∫ x

0

qNc −
J(x)

υ(x)
dx (2.4.0)

AssumingJ(x) andυ(x) to be constant and integrating the electric field over the
collector to obtain the potential,

φbi + Vcb ≥
T 2

c

2εoεr

[
qNc −

Je

υeff

]
(2.4.0)

At a certain current density (injected electrons) at the base-side of the collector,
E(0) = 0 at the edge of the base-collector junction. This is often referred to as the
Kirk threshold current density

JKirk = Jmax =
2εoεrυeff

T 2
c

(φbi + Vcb,i) + qNcυeff (2.4.0)

whereVcb,i is the intrinsic voltage across the base collector junction.Vcb,i = Vcb,applied−
Ic · (Rc + Rex). At higherJe > Jmax the position of the zero electric field pushes
further into the collector. This causes the conduction and valence bands progres-
sively flatten within the collector to a distanceT1, 0 ≤ x < T1, E(x) = 0, so that
the potential barrier for holes is zero. This causes the base to be bepushed outand
hence the base transit timeτb and collector-base capacitanceCcb increase. This is
the classical definition of the Kirk effect [18]. As seen from Eqns.?? ,higher HBT
bandwidths are achieved at high current densities -Jmax should be increased at a
given collector thickness. From Eqn. 2.4.0, this can be done by increasing theVcb,i

and/or increasing the collector dopingNc. When designing an HBT for use in a
digital circuit, two bias conditions need to be considered:Vcb = 0, Je = Jmax and
Je = 0. To maximizeJe, the collector doping should be designed as large as possi-
ble while fully depleting the collector at zero bias. From Eqn. 2.4.3 this is satisfied
when,

Nc,max =
2εoεrφbi

qT 2
c

(2.4.0)
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and Eqn. 2.4.0 can be rewritten as

Jmax =
4εoεrυeff

T 2
c

(φbi + Vcb) (2.4.0)

If the transistor is operating atJkirk, the parasitic voltage drops across the collector
and emitter resistances can greatly reduce the intrinsic collector-base voltage.Jkirk

can be written as,

JKirk =
4εoεrυeff

T 2
c

(φbi + Vcb,applied − Ic(Rc + Rex))

JKirk =
4εoεrυeff

T 2
c

(
φbi + Vcb,applied

1 + AE · (Rc + Rex)
4εoεrυeff

T 2
c

)
(2.4.0)

At the doping given by Eqn. 2.4.3,Jmax is 2× higher compared to a collector that

Figure 2.4: Band diagram at J=0,Jkirk and 1.5Jkirk for Vcb = 0

is undoped, greatly influencing logic speed through the use of smaller devices at a
given operating currentIc. A band-diagram for the base-collector junction is shown
in Fig. 2.4 forJe = 0, Jmax, and1.5 Jmax at Vcb = 0. This clearly shows the base
pushout regime. Beyond the maximum operating current density, the current gain
falls andfτ andfmax decrease.
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2.5 Device modeling

Figure 2.5: Mesa HBT showing distributed device resistances and capacitances

This section describes the small signal modeling schemes used to characterize
InP HBTs from UCSB. It makes use of the measured S-parameters of the HBT in
order to extract their electron transit time, resistances, and capacitances to create a
hybrid-π equivalent circuit. It is an accurate, simplified, non-scaleable representa-
tion of an HBT compared to the true distributed nature ofRC elements within the
device. A SPICE model which is scaleable and physically based and includes bias
and frequency dependence is used for circuit design and simulations. Fig. 2.6 shows
the T-model equivalent circuit for an HBT. The T-model is physically derived and is
intuitive.

α(ω) ≈ α0
1

1 + jωτb
e−jωτc

sin(2ωτc)

2ωτc
(2.5.0)

whereα0 is the DC common base current gain. The T-model while physically based
is difficult to work with except for analyzing common base stages. Through a series
of transformations detailed in [19], the T-model can be simplified into a hybrid-pi
model which is shown in Fig. 2.7. The hybrid-pi model shows that the base emitter
capacitance consists of the junction capacitance and a diffusion capacitance. This
diffusion capacitance,Cdiff is an equivalent capacitance derived from the T-model
asCdiff = gmτf whereτf = τb + τc is the total transit time through the base and the
collector. The resistanceRbe across the base emitter junction is also derived from
the T-model and is given asRbe = β/gm.
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Vbe
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Rbb

Ccbx Ccbi

Rce

Rcb

Cje,dep

I’e

re=1/gm

I’e

α(ω)

E

B C

Figure 2.6: T-model equivalent circuit of an HBT

The various capacitances and resistances are extracted from RF (and DC) mea-
surements.

The device transconductancegm is given by,

gm(ω) =
qIe

ηkT
· exp−jωτf (2.5.0)

whereη is the ideality factor of the collector current, extracted from the gummels
as explained below. A non-unity ideality factor can arise when the current-voltage
relations deviate from the elementary diode current formulation. This happens due
to recombination currents, and thermionic emission over the heterobarrier at the base
emitter interface.

The transistor Y parameters are obtained from the 2-port S parameter measure-
ment of the device. At low frequencies,

Re(Y21)
−1 = Rex +

Rbb

β
+

ηkT

qIe
(2.5.0)

Re(Y21)
−1 is plotted for various bias currents.β = ∂Ic/∂Ib is determined from the

low frequency value ofh21. The intercept at1/Ie = 0 givesRex + Rbb/β while η
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Figure 2.7: Hybrid-pi equivalent circuit HBT model

can be determined from the slope. The collector-base conductance1/Rcb and total
collector-base capacitanceCcb aree determined from the real and imaginary parts of
Y12 at low frequencies,

Y12 =

(
1

Rcb
+ ω2(Cbe + Ccb,i)Ccb,iRbb

)
+ jω(Ccb,i + Ccb,ex) (2.5.0)

This method involves RF measurements of transistors and is accurate but time con-
suming. An extraction from DC measurements is developed in this thesis. This
involves extraction from Gummel plots, which are logarithmic plots ofIC andIB

vs. VBE. The collector current can be expressed as,

IC = ICOe
q

kTA
[VBE,i−(T−TA)

∂VBE,i
∂T

] (2.5.0)

whereTA is the ambient temperature,∼ 300K andVBE,i is the intrinsic base emitter
voltage given by

VBE,i = VBE − IC · (Rex + Rbb/β) (2.5.0)

whereVBE is always the measured base emitter voltage. The effect of the emitter
and base resistances are seen as deviations from the exponential dependence in the
gummel plot (see Fig.??). In a linear plot, the resistances cause a leanover in the
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current in the diode I-V characteristics. The change inVBE as a result of temperature
change in the device is given by,

δVBE = −Θth ·
∂VBE

∂T
· IC · δVCE (2.5.0)

where,Θth is the thermal resistance usually expressed in◦K/mW. The effect of
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Figure 2.8: Effect of device heating, withVCB , in the gummel plot

temperature onVbe is particularly large at high current densities and can be seen in
the as measured gummel curves in Fig. 2.8. The device heating is due to increasing
reverse collector base biases and thereforeIC in the gummels is dependent on the
value ofVCB. In a well designed DHBT ,where the early voltages are very high (≥
1500V),IC should not have anyVCB dependence in the active region of operation
(the effect of collector resistance is ignored and will be revisited in Chapter?? ).
In order to accurately extractRex from the Gummels, this thermal dependence of
VBE has to be removed, and it is then named asV isothermal

BE . IC vsV isothermal
BE should

therefore have no dependence onVCB. A method(unpublished) to extract isothermal
gummels is suggested.

From Eqn. 2.5, the isothermal base emitter voltage is written as,

V isothermal
BE = VBE − Θth ·

∂VBE

∂T
· IC · δVCE (2.5.0)
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The detailed derivation is skipped butV isothermal
BE can be expressed in terms ofVCB

andVBE as,

V isothermal
BE =

VBE

1 + ∆VBE/∆VCB
− VCB

1 + ∆VCB/∆VBE
(2.5.0)

This suggests that∆VBE/∆VCB should be calculated at eachIC. However, in the
Gummels measurement procedure,IC is measured at various applied base emitter
voltagesVBE. An approximate value of∆VBE/∆VCB could be used for different
ranges ofIC but due to this quantization error, kinks are seen in the resulting isother-
mal gummel curves. A simple mathematical analysis is shown below.

IC ∼ IC(VBE, VCB)

∂IC = 0 since
dVBE

dVCB

is needed at constantIC. This leads to

dVBE

dVCB

= −
∂IC

dVCB

∣∣
VBE

∂IC

dVBE

∣∣
VCB

(2.5.-3)

This approximates to a linear interpolation for small, discrete values of∆VBE and
∆VCB. V isothermal

BE is thus calculated by using small values of∆VBE and∆VCB.
Fig. 2.9 shows the isothermal gummels and as expected,IC does not depend on
VCB. From the isothermal plot,Rex + Rbb/β is extracted as shown in Fig. 2.9.β
is the current gain of the device known from the gummel curves. Usuallyβ is large
enough that the contribution ofRbb/β is neglected. The resistance seen in the emitter
is thus plotted in Fig. 2.10.

Furthermore this method is also an extraction procedure for the thermal resis-
tance of the device,Θth. which is seen from Eqn. 2.5 to be

Θth = − δVBE

∂VBE

∂T
· IC · δVCE

(2.5.-3)

whereφ = ∂VBE

∂T
is called the thermal-electrical feedback coefficient, expressed

in mV/◦K. It is a property of the transistor and is approximately a constant (≈
2mV/◦KforInPDHBTs.

The total delayτec, that electrons experience through the HBT is,

1

2πfτ
= τc + τb + Ccb · (Rex + Rc) +

ηkT

qIe
(Ccb + Cje) (2.5.-3)
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Figure 2.9: Isothermal gummel plot and effect of emitter and base resistances

fτ is extracted fromh21 at different bias currents andCcb, Rex, andgm have already
been determined. 1

2πfτ
is plotted for the various bias currents at whichfτ is mea-

sured. The slope givesCje sinceCcb is already obtained from 2.5.Rex is known
from 2.5. with knowledge ofRc, τf = τc + τb and henceCdiff can be determined
from the1/Ie = 0 intercept.Rc is usually calculated for the HBT geometry knowing
the values, from TLM measurements, of contact resistivityρc and sheet resistance
Rsh. This not accurate especially whenRc is dominated by other than the contact
resistance. An alternate method is explored in this thesis using the DCIC- VCE

characteristics. From the Ebers-Moll model for a bipolar transistor,VCE is given by

VCE =
kT

q
ln

1 + IC

IB
· (1 − αr)

αr(1 − IC

IB ·βF
)

+ IC(Rex + Rc) + IB · Rex (2.5.-3)

whereβF is the forward current gain andαr = βr

βr+1
as defined in the Ebers-Moll

equations [20]. Ifβ= IC/IB is kept constant for various values ofIC, term 1 in Eqn.
2.5 is constant. From theIc-VCE characteristics,VCE is plotted vs.IC, keepingβ
a constant. The slope of this curve givesRc + Rex + Rex/β. Rex has already been
determined from Re(Y11) and from the gummel extraction procedure described.Rc

can now be extracted. The variation ofVCE with current is plotted for several values
of β. This method extractsRc from the saturation regime of transistor operation
whereIC increases withVCE . This is far from the usual operation of the transistor.
The base resistance is determined by comparing the real part ofY11 of the measured
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Figure 2.10: Extracted emitter and base resistance

HBT data to the equivalent circuit from the following relation,

Re(Y11) ≈
1

Rbe
+ ω2(Cje + Cdiff)

2 · Rbb (2.5.-3)

Through the hybrid-π model,Rbb is adjusted to make the quadratic frequency depen-
dence ofRe(Y11) match the measured trend.Once determined,Rbb/β is known.Ccb,i

is similarly determined fromReY12 in Eqn. 2.5. Mason’s unilateral gain U is only
influenced byCcb,i. By simultaneously monitoringRe(Y12) and U,Ccb,i is adjusted
while keeping the totalCcb constant to match the measured data.

Analysis of the hybrid-π network givesIm(Y12) = ωCcb. From the S-parameters
measured,Y12 can be extracted. This is used to extract the totalCcb. From the C-V
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data atIc = 0 mA, the doping density can be derived as follows.

Ccb = −Qc

Vbc
(2.5.-2)

dQc = qN(xd)dx

In general, the doping density can be expressed as,

N(xd) = −Cdx

qdV
= −C

q

dC

dV

dx

dC
(2.5.-3)

N(xd) =
dCcb/dVcb

qεA2
cC

3
cb

= − 2

qεA2
c

· dV

d(1/C2
cb)

The depletion region edge is given by

xd =
εAc

Ccb
(2.5.-4)

. Therefore, the doping density can be plotted as a function of depletion distance in
the collector. This neglects the effect of Deby length on the doping profile extracted
[21]. Fig. 2.11 shows on a Smith chart measured HBT S-parameters and those of its
equivalent circuit. Thefτ andfmax of the hybrid-π equivalent circuit is consistent
with the value extrapolated for the HBT.

2.6 HBT delays within digital ICs

The HBT figures-of-meritfτ andfmax describe the maximum bandwidth for
a single device. They are of limited value in predicting digital logic speed. An
standard benchmark for digital logic figure-of-merit, for a device technology, is the
bandwidth of a static frequency divider shown in Fig. 2.12. It is a master-slave (M-
S) flip-flop consisting of two series connected latches that are clocked out of phase
180◦ so that the input is transparent at the output only at the falling edge of the clock.
As shown in the timing diagram in Fig. 2.12, when̄Q is connected to D, the output
= fCLK/2. MS latches are utilized as retiming elements for data synchronization
and their maximum toggle rate often limits circuit bandwidth. For this reason, static
dividers are a more realistic benchmark circuit in comparison to the narrow-band
operation of dynamic frequency dividers and ring oscillators.

The propagation delay through the latch is dependent upon the combined charg-
ing times of the capacitances in the signal path. By modeling the latch as an n-
port linear network having no inductors, the method of open circuit time constants
(MOTC) can be used to evaluate the time constants associated with the polesan of
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Figure 2.11: Measured (solid line) and simulated S-parameters (data points) of the
HBT and the extracted hybrid-π equivalent circuit

the system. The transfer function for such a network is given by,

Vout

Vin
= Av,midband

(
1 + b1s + b2s

2 + · · · bns
n

1 + a1s + a2s2 + · · ·ansn

)
(2.6.0)

In order to utilize MOTC, the passive and active components of the network must
behave linearly. Each arm of the differential pair (sayQ1 and Q2) in Fig. 2.13,
conduct current in alternate clock cycles. Thus the small signal values ofgm andCje

are no longer valid. To satisfy this requirement, the HBT transconductancegm and
diffusion capacitanceCdiff of those devices operating as part of a differential pair
(where the voltage swing across the base emitter junction is≈ ∆Vlogic >> kT/q)
are modified,

Gm, large−signal =
∆Io

∆Vbe
≈ 1

RLoad
(2.6.1)

Cdiff, large−signal = Gmτf (2.6.2)

Cje, large−signal =
1

V1 − V2

∫ V2

V1

Cje(V ) dV (2.6.3)
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Figure 2.12: Static frequency divider and its timing diagram

Large signal operation greatly reduceGm andCdiff by ∼ 1:10. The depletion ca-
pacitanceCcb, is not altered and the charging (and discharging) of this capacitance
constitutes a major delay in a digital circuit. From the method of time constants [?],
a1 is,

a1 = R0
11C1 + R0

22C2 + R0
33C3 + · · ·R0

nnCn (2.6.3)

whereR0
nn is the effective resistance across the terminals ofCnn with other capac-

itances treated as open (for example, see [22]). The propagation delay is typically
defined as the time required to effect a change in the output node when the input
is toggled. Assuming(1 − exp(−t/τ )) charging behavior,Tprop = a1 ln(2). How-
ever, to the level of accuracy of the assumptions used in the analysis,Tprop = a1/2.
Fig. 2.13 shows the significant resistive and capacitive delay elements in the signal
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Figure 2.13: Delay path of a CML static frequncy divider during clock transition

path of a two level CML flip-flop. The propagation delay is simplified to

2Tprop
∼= N(∆Vlogic/Io)Ccb3 + RbbCcbi3

+ [2(Rex3 + 1/gm3) + (∆Vlogic/Io)]Ccb4 + 2Ccbi4Rbb4

+ (Cje4 + Ioτf/∆Vlogic)(Rbb4 + Rex3 + 1/gm3)

+ [Cje2 + Cje1 + (Ioτf/∆Vlogic)](∆Vlogic/Io)

+ (N + 1)(∆Vlogic/Io)Ccb1 + Rbb1Ccbi1 (2.6.0)

where the devices are operating in the following modes:Q3 emitter-follower,Q4

common-emitter,Q1 common-base, andQ2 cut-off. N denotes the fan-out of iden-
tically connected gates in a larger circuit. As seen from Eqn. 2.6.0, the base and
collector transit times play a relatively minor role in logic speed, in comparison to
their strong contributions tofτ . The most significant delays in the latch are from
charging the depletion capacitances over the logic swing,(Cje + Ccb)∆Vlogic/Io,
where∆Vlogic/Io = RL. This can be expressed in terms of the current density and
transistor sizes as

(Cje + Ccb)
∆Vlogic

Je · Ae
= Ĉje ·

∆Vlogic

Je
+ Ĉje ·

AC

AE
· ∆Vlogic

Je
(2.6.0)

To minimize these capacitive delays, small devices should be used operating a cur-
rent densityJe close toJKirk and the collector to the emitter area ration(AC/AE)

27



CHAPTER 2. INP DHBT THEORY AND DESIGN

must be made small which is the objective of this dissertation. From the above ex-
pression 3.3,Ccb/Ic expressed in ps/V is an important metric to be considered while
comparing digital circuits in various technologies.

∆Vlogic is dependent on the input noise margin which is influenced byRex. It is
not evident from the gate delay expression, butRex has a large indirect effect on the
maximum toggle rate. For the differential pair in Fig. 2.14, the differential switching
current is described by,

Ic1 − Ic2 = Io tanh

[
q(V1 − V2)

2kT
− Ie1 − Ie2

2
·Rex

]
(2.6.0)

With Rex ∼ 0, the current is completely switched whenV1−V2 = 6kT/q. AsRex in-
creases, at a fixed currentIo, increasing input voltage is needed to completely switch
the differential pair. When the voltage drop acrossRex is 6kT/q, more than10kT/q
potential difference is needed to switch the currents. If we assume an HBT junc-
tion temperature rise of∼ 60◦C when these devices operate in a larger circuit, the
potential difference required to switch only the base-emitter junction is∼ 200 mV.
Typically, V1 − V2 = ∆Vlogic = 300 mV for ECL and CML based latches. Thus the
digital noise margin is∼ 100 mV≈ 4kT/q.
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Figure 2.14: Current flow of a differential pair in the presence of emitter resistance –
IoRex = 0, 2kT/q, 4kT/q, and6kT/q. V1 − V2 is normalized tokT/q.
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2.7 HBT scaling principles

The previous sections reviewed the relevant HBT transit andRC delays asso-
ciated with discrete device performance and those of a digital latch. In order to
improve HBT as well as analog and digital IC speed, all significant capacitances
and transit times must be simultaneously reduced. This is summarised as the scaling
laws for a HBT [3].

As seen in the earlier sections,fτ is dominated byτf while increasing current
density decreases digital delay. IfTc andTb are decreased byγ and maintaining all
device dimensions constant,

τc ↓ γ2

τb ↓ γ2

Jkirk ↑ γ2

Ccb ↑ γ

Rbb ↑ ≈ γ (2.7.-3)

If the collector junction areas are also reduced by 1:γ 2, Ccb will also decrease by
γ. To reduceRbb, the base contact resistivity would have to be decreased by∼ γ 2.
If the base ohmic contacts lie above the collector-base junction, their width must be
reduced 1:γ to obtain the requisite reduction inCcb; this necessitates a further reduc-
tion in the base contact resistivityρc,b. However, this is very difficult and limited by
the doping in the base, the work function of the contact metal used and by surface
preparation prior to metal deposition. Therefore, one of the biggest challenges to
vertical device scaling is the scaling of the collector base capacitance. Independent
scaling of the emitter and collector junction is necessary and is the main subject of
this dissertion.

It is also seen from Eqn. 2.7.-3 that current density increases with vertical scal-
ing. If the emitter junction dimensions are kept constantIe increases. This increases
the power consumption in the device and thermal effects assume significance. There-
fore it is equally important to scale the emitter junction area. The power consump-
tion in the divider is very approximately,

PL ∝ ∆Vlogic × Je ·Aje ≈ (6
kT

q
+ 2JeAjeRex) × JeLeWje (2.7.-3)

The width of the junction area is limited by the lithographic and process tolerances.
To decrease power consumption by 1:γ while maintaining high high current density,
means decreasing the emitter (and device) length, so that the emitter junction area
Aje ↓ γ2. This is especially important for low power logic. As seen in the previous
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section, a significant component of the delay in logic circuit is

Ĉcb ·
Wbm

Wje
· ∆Vlogic

Je
+ Ccb,pad ·

∆Vlogic

JeLjeWje
(2.7.-3)

whereĈcb is the device capacitance per unit area (not includingCcb,pad, the access
pad capacitance). A certain access pad area(≈ 2 µm2) is needed for the device to
reliably contact the metal interconnect and to maintain a low metal access resistance.
This base pad cannot be scaled. As seen from Eqn. 3.3, as the length is decreased,
Ccb,pad becomes a significant fraction of the totalCcb. Chapter?? addresses this
through the use of implanted subcollectors.

In a standard triple-mesa DHBT process, decrease in the junction area is ac-
companied by an increase in the emitter resistance, the emitter contact area has
decreased as well. Besides affecting logic speed andfτ , as seen in the precious
section an increase inRex severely impacts the noise margin of the logic circuit. If
ρex/Aem ·JeAej is to remain a constant whereAem is the area of the emitter contact,
ρex must decrease in proportion to increase inJe. This is a process challenge and ad-
dressed by the use of highly doped InAs layers[?]. An alternate method to maintain
Rex constant, is to decrease Aje and maintain Aem constant. This can be done by
severe undercutting of the emitter base junction which presents process difficulties
or by emitter regrowth discussed in Chapter?? .

Vertically scaling the collector thickness decreases the breakdown voltages,BVCEO

andBVCBO. The breakdown voltage is limited by several factors in a DHBT. Firstly
the term ’breakdown voltage’ needs clarification. Traditionally, open base or open
emitter voltage at a certain current level ( 50µA) are often reported. At these cur-
rent levels, leakage current due to passivation or surface states limit the maximum
voltage attained. If the setback and grade layers are thick, impact ionisation could
occur in these regions and thus the advantage of having wideband gap InP collector
is lost. (It is unclear at this time whether breakdown is due to impact ionisation or
tunneling.) Since operatingJe increases with vertical scaling, the maximum reli-
able power density associated with asafe operating areaP/Ae ∼ JeVce ∝ γ2Vce

is a more significant applied voltage limit than the low-current breakdown voltages
BVCEO or BVCBO.

The total emitter-base capacitanceCje is given by,

Cje ≈
κ1LeWe

Teb
(2.7.-3)

If the emitter junction is scaled laterally, to first orderCje is reducedγ2 : 1 (where
κ1 is a constant). Scaling requirements for the emitter depletion thicknessTeb are
not easily summarized here and detailed analysis for scalingTeb is reported in [3].
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Table 2.1: Summary of simultaneous parameter scaling for aγ:1 increase in HBT
and circuit bandwidth

key device parameter required change

collector depletion layer thickness decreaseγ:1

base thickness decrease
√

γ:1

emitter-base junction width decreaseγ2:1

collector-base junction width decreaseγ2:1

emitter depletion thickness decreaseγ1/2:1

emitter contact resistivity,ρex decreaseγ2:1

emitter current density increaseγ2:1

base contact resistivity – if contacts lie above B-C junction decrease∼ γ2:1

base contact resistivity – if contacts do not lie above B-C junction unchanged

bias currents and voltages unchanged

Lastly, reductions to device thermal resistance need to be considered. For dis-
crete HBTs, a significant fraction of the heat generated in the collector is removed
through the base and into the emitter metal. In large integrated circuits, the heat-
sinking through the emitter is much less effective.. The thermal resistance normal-
ized to the emitter junction areaθJAAje must be reduced in proportion to the square
of the circuit bandwidthγ2 : 1. Thinning theIn0.53Ga0.47As subcollector layer is
imperative [14] to decreasing the device thermal resistance.

What is the impact of this scaling on ECL (and CML) logic speed? With a
γ:1 scaling, the collector thicknessTc is reducedγ:1, the current density increased
γ 2:1, and the dominant delayCcb∆Vlogic/Ic reduced 1:γ, only if the access pad
capacitanceCcb,pad is eliminated. The parasitic voltage dropRexIc = ρexJe remains
constant ifρex is reduced rapidly by 1:γ 2. The scaling laws for aγ-fold increase in
bandwidth are summarised in Table 2.1

2.8 HBT scaling limits, and solutions explored in this
work

In order to increase circuit bandwidth, the transit times and capacitances of the
device must be reduced while maintaining constant (total) resistances, currents, and
gm. This is realized by thinning the base and collector layers, narrower emitter and
collector junctions, increased operating current density, and reduced contactρc and
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sheetρs resistivities.
Emitter contacts as narrow as 0.4µm can be achieved through standard optical

lithography and evaporated metal-liftoff techniques. If the emitter contact is to be
further scaled, advanced photoresist processes are needed to resolve smaller features
using i-line stepper lithography. The height of the contact will be limited by the
aspect ratio attainable from the e-beam metal evaporator. An electroplated emitter
contact, or one formed through metal-sputtering and dry-etch, are alternative ways of
producing tall, straight, narrower features. For these narrower contacts, the undercut
of the emitter mesa becomes increasingly difficult to control. Dielectric sidewall
spacer processes allow for very thin emitter semiconductor layers, minimizing the
undercut during mesa formation. Furthermore, the spacer eliminates the need for
evaporated self-aligned base contacts, where instead electroplating or metal-sputter
dry-etch processes are used. These advanced processes are under development and
are discussed in [23, 24]. As discussed, narrow emitters contacts lead to higher
emitter resistance. Emitter contact resistivity, toN+ In0.85Ga0.15As, as low as 10Ω ·
µm2 is now standard at UCSB [13]. It is not clear howρc can be further reduced
by conventional deposition techniques. Advanced materials engineering such as the
use of in-situ MBE grown ErAs ohmics may be beneficial. Regrown emitter junction
HBTs have also been developed at UCSB as an alternative, where the ohmic contact
is much larger than the emitter junction for reduced access resistance.

Thinner base and collector epitaxial layers can be achieved through growth.
The base sheet resistance is∝ T−1

b , and to keep it unchanged the bulk resistiv-
ity (ρbulk, Ω·cm) must be decreased through increased through base doping. As
the doping approaches7 · 1019 cm−3, the hole mobility decreases and the doping-
mobility product remains relatively constant. This is a challenge that can be ad-
dressed through the use of extrinsic bases described in brief in Chapter?? The
InP DHBTs reported here utilize a 30 nm base and doping grade from7 − 4 · 1019

cm−3. Through the appropriate choice of metal workfunction and highly doped
semiconductor the contact resistivities are decreased. The Fermi level at the semi-
conductor surface is pinned due to a combination of surface states, native oxides,
and metal-semiconductor diffusion at the interface. Surface preparation techniques
to minimize their presence have been developed, and low values of contact resistance
ρc ≈ 10 Ω ·µm2 values have been achieved. The resulting transfer length of the base
contact is∼ 130 nm. Narrower collector junctions require narrower base contacts.
A minimum width∼ Lt, the ohmic transfer length, should be maintained to prevent
exponential increases to the contact resistanceRb,cont. These thin, narrow contacts
have high access resistance and inductance that influence HBT performance. Fur-
thermore circuits employing these narrow contacts are very difficult to yield in a
manufacturing environment.

Therefore in order to satisfy the scaling requisites for the collector junction, im-
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planted collector processes have been developed and is the main topic of this dis-
sertation. The non scaleable collector base access pad capacitance is identified as a
major parasitic. This parastic capacitance is eliminated through the use of implanted
subcollectors. Independent scaling of the collector is highly desirable, within a sim-
ple, manufacturable process. A fully implanted pedestal and subcollector transistor
is demonstrated where the extrinsic collector base capacitance is greatly reduced.

2.9 The scaled HBT

Figure 2.15: Modern SiGe HBT

Compared to modern SiGe HBT, InP HBT manufacturing is primitive. The SiGe
HBT shown in Fig. 2.15, has buried subcollectors for zero pad capacitance,N+

pedestal for lateral collector scaling, deep dielectric trenches for device isolation,
thick extrinsic base and buried base ohmics for reducedRbb, and submicron regrown
emitters for emitter-base junction scaling while simultaneously maintaining wide
emitter contacts. It has a planar geometry and large scale ICs are possible [?]. Due
to this extreme scaling and reduction in relevant parasitics, SiGe HBTs are as fast
as their InP counterparts for digital logic applications. Static frequency dividers of
∼ 100 GHz have been demostrated with devices having cut-off frequencies of∼
300 GHz. This serves as the motivation for scaling InP HBTs and in this thesis,
technologies are developed for InP HBTs, to parallel the SiGe HBT manufacturing
process.
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Figure 2.16: Scaled mesa HBT with collector pedestal

The bulk of this thesis examines technologies to reduce the base collector capac-
itance. In this sub-section, the expected performance enhancement with reduction in
Ccb is calculated for highly scaled HBTs. A scaled mesa HBT is shown in Fig. 2.16
employing an emitter sidewall [23] and implanted pedestal-subcollector technology
developed in this dissertation. Table 2.2 compares standard figures of merit for a
device with 250nm emitter and 300nm base, with and without the implanted collec-
tors.

This calculation assumes all contact resistivitiesρc ∼ 10Ω ·µm2, current density
Jkirk is 13mA/µm2, wiring delay of 0.3 ps , and the width of the emitter junction

Table 2.2: Expected performance of a scaled InP DHBT with and without implanted
collectors

Standard Figures of merit standard mesa DHBT mesa DHBT with implanted collectors

fτ 490 GHz 550 GHz

fmax 600 GHz 800 GHz

fclock 180 GHz 270 GHz

Ccb/Ic 0.4 ps 0.2 ps
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Wje= 0.25µm. The other vertical and lateral dimensions are as in Fig. 2.16. All
other parameters are drawn from the state of the art UCSB mesa process [13]. As-
suming that the breakdown mechanism is impact ionisation or tunneling, the break-
down voltages (≈ 4V ) are not expected to be different for the two technologies. The
power consumption of digital circuits at a given bandwith, is expected to be much
lower for the mesa DHBT with implanted collectors.

It is seen from Table 2.2 that reduction inCcb tremendously improvesfmax and
the maximum digital circuit speedfclock, while the difference tofτ is marginal. As
discussed in the prior sections,fτ is dominated by the transit delay in the device
while fmax is approximately∝ Ccb

−1, and digital logic speed is severely impacted
by the delay term,Ccb ∆Vlogic/Ic. The numbers in Table 2.2 serve to illustrate that
reduction inCcb considerably enhances the high frequency performance of power
amplifiers (which depends onfmax), and digital circuits.
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3
Ion Implantation in InP

ION implantation is a statistical process, where high energy ions penetrate a target
surface and are slowed down in traversing matter. The ions of a material are

implanted into another solid changing the physical properties of the solid. The ions
impinge on the substrate with kinetic energies 45 orders of magnitude greater than
the binding energy of the solid substrate.

Ion implantation is the method of choice in state of the art Si manufacturing
to bring the dopants into the substrate material, mainly due to its ability to accu-
rately control the number of implanted dopants and and to place them at the desired
depth. Ion implantation works by ionizing the required atoms, accelerating them in
an electric field, and directing this beam towards the substrate. When entering the
substrate material the energy of the dopants decreases, while they interact with the
target material. After some time the atoms come to rest at some depth depending on
their initial energy. This depth has some distribution as the collisions with the target
atoms are random. An important point for the device design is to know which initial
energy is necessary to place the dopants at the required depth and what will be their
spread. The LSS (Lindhard, Scharff, Schitt) theory [1] describes the distribution of
the ions in matter based on statistical models of atom-atom collisions .
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CHAPTER 3. ION IMPLANTATION IN INP

The two key parameters defining the final implant profile are fluence, also called
as dose, given in ions/cm2 and energy E (in keV ). The dose or the areal flux of the
ions, is related to the beam current I by the following formula:

φ =
I · tI

qi · Ai
(3.0.0)

weretI denotes implantation time,Ai the beam area andqi is the charge per ion.
Typical beam currents and implantation doses range from 1µA- 30mA and×1011 -
×1016 ions/cm2. The lowest energies used start at sub keV for ultra shallow junctions
to the MeV range for deep wells. When the ions enter the substrate they continuously
lose energy and momentum. There are two main effects that causes an energy loss,

• elastic collisions with the nuclei of the target material

• inelastic collisions with the electrons
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Figure 3.1: Nuclear and Electronic Stopping Power of Si implant in InP

The total stopping power S defined as the energy loss per unit path length of the ion
can be defined as:

S =
dEii

dx

nuclear

+
dEii

dx

electronic

(3.0.0)
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whereEii is the initial ion energy on impact.

dEii

dx

electronic

∝
√

Eii (3.0.0)

Both these components are functions of the mass of the target and incident ion and
nuclear charge of the target. Fig. 3.1 is a plot of electronic and nuclear stopping
powers calculated fromTRIM, for Si implants in InP. The nuclear stopping is domi-
nant at low energies while at high energies, the stopping is almost entirely due to the
electrons of the target material, InP.

Due to the random nature of the collisions the total distance traveled (range) and
its projection on the direction parallel to the ion beam (projected range) are random
variables.Rp denotes theprojected range, the depth were most ions stop. Thelongi-
tudinal projected straggle∆Rp, describes the statistical fluctuation ofRp. Based on
the LSS theory, the implant profile (projected rangesRp of a huge number of ions)
is described by a Gaussian function since the sum of infinite random variables can
be approximated by a Gaussian distribution as,

N(x) =
nii

∆Rp

√
2π

· exp−
(

(x − Rp)
2

2∆R2
p

)
(3.0.0)

where nii is the implant fluence in ions/cm2, Rp is the implant range and∆Rp is the
longitudinal implant straggle. The profile is defined by the implanted fluencenii in
ions/cm2, the projected rangeRp in µm and the projected straggle∆Rp in µm.

Thus, the range and straggle are functions of the implanted species, initial en-
ergy, and target material. Since each ion’s final distribution is a random variable,
statistical Monte Carlo simulations can predict the projected range and straggle of
a huge number of ions. The software SRIM [2] is a group of programs which cal-
culate the stopping and range of ions into matter using a full quantum mechanical
treatment of ion-atom collisions. One componentTRIM (the Transport of Ions in
Matter) is a Monte Carlo Transport Calculation of ion interactions with multi-layer
complex targets. It can calculate both the final 3-D distribution of the ions and also
all kinetic phenomena associated with the ion’s energy loss: target damage, sputter-
ing, ionization, and phonon production while all target atom cascades in the target
are followed in detail.

TRIM assumes that there is cylindrical symmetry in the final ion distributions.
Thus the mean lateral range of the ions is zero while the ion straggling has its normal
definition as the second moment of the lateral distribution. The lateral projected
straggle thus directly describes the final distribution under an implant mask edge.
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3.1 Implantation in InP

Seminal work on implantation in InP was carried out in the late 70s and early 80s
by Donnelly and Hurwitz [3]. They demonstrated that Ion implantation is a feasible
method to achieve either doping or isolation in InP. The magnitude of resistivity
of implanted InP depends on the doping species. It is seen that activating acceptor
implants are harder than donor implants. Another problem with acceptor species
is their high rate of diffusion in InP. The implanted species Si, Ge, Se, S and Sn
are all effective donors in InP and can produce heavily doped N-type layers. Many
electronic applications require Semi Insulating(SI) InP with high resistivity of∼
×1010 Ω · µm. Resistivities in the SI range are usually obtained by doping with
the deep acceptor Iron(Fe) or as is done in this thesis, by implanting Fe. All these
implants require high temperature annealing at over 700◦C.

As the implanted ions interact with the target nuclei, they can initiate a cascade
of displacements. In general, the heavier ions create more damage. At high substrate
temperature, defects are more mobile and more annealing can take place during the
implant. It is seen in InP that there is significantly less damage if the implants are
carried out at an elevated temperature over 170◦C [4]. Furthermore, the activation
of the dopants and the mobility significantly improve when the implants are carried
out at elevated temperatures [5]. This is attributed to a dynamic annealing process
during implant. Since the implants are carried out at an elevated temperature, an
implant mask should be used, that can withstand these temperatures.

During implantation, channeling can occur when the ion velocity is parallel to
a major crystal orientation. The ions can travel considerable distances with little
energy loss. Ion channeling can therefore produce a significant tail to the implant
distributions. Most IC implantation is therefore done off-axis. A typical tilt an-
gle is 7 ◦. Channeling is more a problem in single crystal materials than in III-V
compounds. The power of an incident ion is

Pii ∝ Vii × Jii (3.1.0)

whereJii is the ion current flux inmA/µm2 andVii is the voltage =Eii/ioncharge
If the incident power is transferred to the target crystal, it is dissipated as heat. In
typical VLSI processes, where the implants in Si are carried out at room temperature
or for damage implants in III-V’s , this temperature rise can destroy the photoresist
typically used as an implant mask. Therefore current is usually maintained small
in such cases, usually≤ 50 µA which means that for a given implant fluence, the
implantation times can be very long and hence there is a higher probability of impu-
rities. All implants done here are at a substrate temperature of 200◦C. Therefore, the
implant current is less important for such implants. However, to not cause additional
lattice heating, all implants are carried out at≤ 50µA.
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3.1.1 High temperature annealing of implants in InP

One component of energy transfer when a high energy ion enters a wafer is col-
lision with the lattice nuclei. Many of these atoms are ejected from the lattice during
the process. Some displaced substrate atoms have sufficient energy to collide with
other substrate atoms to produce additional displaced atoms. As a result, implanta-
tion process can produce considerable substrate damage that must be repaired during
subsequent processing. Furthermore, if the implanted species is intended to act as a
dopant, it must occupy lattice sites, here group III In sites. Both damage repair and
implant activation are normally done by heating(annealing) the wafer after implant.

There exists a threshold dose above which the damage is complete. This crit-
ical dose depends on the implant energy, implant and target species and substrate
temperature. As an ion passes through the crystal, point defects consisting of inter-
stitials and vacancies are created by direct interactions with the target atoms. These
are primary defects. A vacancy defect is also known as Schottky defect and an inter-
stitial defect is called a Frenkel defect. Secondary defects occur when an implanted
wafer is annealed. Secondary defects increases greatly at very high fluences near the
critical dose [6].

Annealing processes are needed that minimize the secondary defects while ac-
tivating the dopants. The temperature required for optimum activation of dopants
in InP is well above the temperature (550◦C) at which incongruent evaporation of
group V species, Phosphorus P, occurs. Therefore some method of minimizing this
loss is required. A common method of annealing is the proximity method where
another InP wafer is placed face to face with the implanted InP substrate. As the
wafers are heated up, each wafer begins to lose a small amount of P, but an over-
pressure is created that prevents further dissociation. This is not a satisfying solution
since it relies on loss of P. Moreover it presents a safety issue when a conventional
RTA chamber is used since P is highly flammable and poisonous. The best method
is to anneal the InP wafer in a phosphorus atmosphere in the MBE chamber, but
this choice is not available at this time atUCSB. Annealing in a enclosed graphite
cavity with a P partial pressure is shown to be very effective even upto 900◦C [7]. A
commonly used solution is the use of dielectric encapsulant such asSiO2, SixNy or
Phosphosilicate glass (PSG) [3] where the wafer can be annealed in a conventional
RTA.

SiO2 is a poor encapsulant as it is hard to remove after anneal and also has
vastly different thermal expansion coefficient from InP.SixNy is used as an encap-
sulant here. In order to minimize scratching on theSixNy on the top surface during
backside deposition, the PECVD platen is first coated with 100-200 nm ofSixNy.
All anneals are carried out in the Rapid Thermal Annealer(RTA) as this was the only
tool available at this time. Furthermore, if the anneal is carried out at high tempera-
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ture and for a short time, thermal equilibrium is not reached. Thus dopants greater
than its solid solubility in InP can be activated. Stress and strain can cause cracking
or a loss of adhesion, so it is important to use pinhole freeSixNy. Both sides of
the wafer are coated with 40 nm ofSixNy deposited by PECVD. The quality and
thickness ofSixNy are very critical to providing surface integrity during anneal.
For annealing, the depositedSixNy has to be very uniform and very smooth without

Figure 3.2: Poor qualitySixNy on InP

pinholes or defects. An example of poor qualitySixNy on InP is seen in Fig. 3.2.
SixNy has poor adhesion on InP and often results in a rough layer. Deposition of
good qualitySixNy on InP is not trivial. PECVD depositedSixNy adheres poorly to
exposed InP surfaces. Prior to deposition, InP surfaces are treated with Ozone for 5-
10 minutes. Studies by Driadet al. [8] showed that an ultra-violet ozone treatment
(UV-ozone) is an effective way of cleaning a surface of organic and non-organic
materials. The uv-Ozone also produces a uniform stoichiometric oxide film which
passivates the defective surface layers associated with the native oxides of InP and
those that occur due to processing. After a ten minute uv-Ozone treatment, the stoi-
chiometric composition at the surface is restored. The oxide thus formed on InP has
to be removed prior toSixNy deposition. This is done by wet etching in Buffered
Hydro-Fluoric(BHF) acid for 5-10 minutes, so that a clean surface of InP ensues.
However, Fluorine radicals from BHF are attracted to InP surface [9]. Therefore the
wafer is cleaned in running De-Ionized water (DI) for 5-10 minutes. It is seen that
each of these steps is critical in ensuring a clean InP surface and hence good quality
SixNy as cap.
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The thickness of theSixNy cap is important. A thin layer ofSixNy ¡ 30 nm may
not provide adequate surface coverage and is not reliable. A thickerSixNy cap≥
60 nm results is numerous defects after anneal. The reasons are not well understood
at this time. One postulate is that theSixNy layer is strained and a thick cap may be
relieving this strain at high temperatures leading to pinholes. The pinholes results in
P desorbing from the surface and leaves behind deep pits∼ 15 - 20µm as seen in
Fig. 3.4. Fig. 3.3 is such a micrograph of such a defect on the InP surface after a high
temperature anneal(800◦C). Analysis of this anneal defect using Energy Dispersive
X-Rays (EDX) indicates a very large concentration of Oxygen atoms. The atomic
ratio of P to In is slightly lower.
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Pitting on the surface of 
InP after anneal ~ 1 µm

Figure 3.3: Rectangular pit formation on InP after high temperature anneal and EDX
compositional analysis

The complete removal ofSixNy after anneal is critical. High temperature an-
neals cause the dielectric encapsulant to become stoichiometric and dense. These
are typically harder to remove after such high temperature treatments. This was
the main reason for rejectingSiO2 as an encapsulant. It is seen that a long treat-
ment in BHF (∼ 10 minutes) is sufficient to remove thisSixNy cap. Fig. 3.5 is an
EDX spectra of the InP surface after theSixNy is removed in BHF and there is no
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18 µm pitting on the surface after anneal due to failure of the cap

Figure 3.4: Pit formation on InP after high temperature anneal

evidence ofSixNy present.
One important consideration is the residual stress of the encapsulant [10]. Com-

pressive stress may cause undesired buckling and cracking may occur if the tensile
stress is too high. The bulk stress consists of an intrinsic and thermal part. The total
bulk stress (σbulk,total) in dielectric PECVD layers is given by

σtotal = σint + σth (3.1.0)

whereσint andσth are the bulk intrinsic and thermal stress respectively. The thermal
stress only results from the temperature change between deposition and anneal and
the difference in thermal expansion coefficients of the film and the substrate. The
thermal stress is given by

σth ∝ (αf − αs)∆T (3.1.0)

whereαf αs are the thermal expansion coefficients of the film and substrate respec-
tively. An encapsulant should therefore ideally have a thermal expansion coefficient
similar to InP to prevent thermal stresses. Between 300 and 673K, the thermal ex-
pansion coefficient of InP is 4.6×10−6/◦ K while that of SixNy is ∼ 3.2 ×10−6/◦

K. SiO2 has a thermal expansion coefficient of 0.5×10−6/◦ K which makes it less
suitable as an encapsulant for InP.

In the long term however, annealing of InP in a phosphorus overpressure in a
fully sealed chamber seems to be the best solution.
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Figure 3.5: Analysis of the InP surface after anneal and cap removal

3.1.2 Si implantation in InP

N-type dopants implanted in InP have been shown to have an activation≥ 80%
even when the doping levels is∼ 1×1019 cm−3 [11]. Si, Se and S are commonly
used dopants. Among these Si is the lightest element and causes minimum damage.
It has little diffusion which is not the case with S [12] and therefore the lateral spread
can be better controlled with Si implants. Here, Si implantation is done wherever N-
doping is required. The commercially available ion implant systems available at this
time could do a maximum of 350 keV at a substrate temperature of 200◦C. Fig. 3.6
shows the distribution of Si in InP, as estimated by TRIM, when implanted at 350
keV. TRIM does not account for differences due to implant temperatures. Also this
plot is a plot of ion range in atoms-cm−3/ atoms-cm−2. When multiplied by the dose
in ions/cm2 or (atoms-cm−2) it gives the distribution of Si in cm−3.

The Ion recoil distributions are seen in Fig. 3.7a. These are all the In and P atoms
knocked out of their lattice sites, creating vacancies. The distribution of In and P
recoils is shallower than the range of the Si (Fig. 3.6). Near the end of the Si tracks,
the ions do not have enough energy to create massive cascades. At the peak of the
damage plot in Fig. 3.7a, the vacancy rate ofIn is ∼ 0.4 vacancy/ion-̊A.For a dose
of 5×1014 ions/cm2, there are 2×1022 vacancies-cm−3. The atomic concentration of
In is 5.6×1022 atoms-cm−3. The damage is therefore∼ 35%. This is a pessimistic
estimate. Due to elevated substrate temperature,∼ 90% of the damage is repaired
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350 KeV implant 
Si in InP

Figure 3.6: Ion Ranges for Si in InP at 350 keV

during implant. Therefore the InP crystal damage is∼3.5% and the implant layers
are not quite amorphous.

Fig. 3.7b indicates the energy lost to recoiling target atoms that give rise to va-
cancies. From the plot,∼ 200 keV of the ions energy is transferred to the recoiling
In atoms. This can be estimated by assuming a constant energy transfer of∼25
eV/ion-Å over a depth of 8000̊A. So the total energy transfer to In recoils is∼200
keV. Also, it is seen that the energy transfer to phonons is almost exclusively from
the recoiling target atoms. An atom is knocked off its lattice site, giving rise to a va-
cancy when the energy is greater than the lattice binding energy. The total displaced
atoms from their lattice sites is usually quantified as damage due to implant. These
atoms leave behind vacancies and may form interstitials.

The Nuclear stopping power and electronic stopping power is also calculated
from TRIM. At 350 keV the stopping power in eV/Å is,

Sn =
dEii

dx

nuclear

= 17.69eV/Å (3.1.1)

Se =
dEii

dx

electronic

= 55.65eV/Å (3.1.2)

From the projected range and longitudinal straggle obtained from TRIM, and
assuming a Gaussian distribution, the implanted profile of Si is plotted in Fig. 3.8.
Also shown are the doping levels with 60% and 100% activation of the Si dopants.

48



CHAPTER 3. ION IMPLANTATION IN INP

0

0.1

0.2

0.3

0.4

0 2000 4000 6000 8000

#
v
a
c
a

n
c
ie

s
/i
o
n

/A
n

g
s
tr

o
m

Depth (Angstrom) 

Indium vacancies

Phosphorus vacancies

0

5

10

15

20

25

30

0 2000 4000 6000 8000

E
n
e

rg
y
 t

o
re

c
o

il
s
 (

e
V

/i
o

n
/A

n
g

s
tr

o
m

)

Depth (Angstrom) 

Energy absorbed by P

Energy absorbed by In

(a) (b)

Ion Recoil Distributions Energy to Recoil Atoms

Figure 3.7: Ion Ranges for Si in InP at 350 keV

With 60% activation, the average doping is∼ 5×1018 cm−3 over 6000Å, and using
a mobility of∼ 1000cm2/V · s, the expected sheet resistance is∼21Ω/2.

The lateral straggle is given as 1592Å. As discussed, cylindrical symmetry is
used. Since the offset angle is small,the lateral range is assumed to be zero. The
lateral distribution can be expressed as,

N(z) = N(x) · exp −
(

z2

2∆R2
z

)
(3.1.2)

whereRz is the lateral straggle distance. Lateral straggle is the distance inz when
the concentration reduces toe−1/2 of its peak value. The peak activated value (at the
implant mask edge) is a function ofx as seen in Fig. 3.8 and is∼ 1×1019 cm−3. The
lateral distribution is plotted in Fig. 3.9. The point at which the Si doping falls below
the Fe doping present in SI InP, the region become Semi-Insulating again. In this
dissertation, this is important and is defined as the lateral straggle due to Si implant.
This straggle is∼ 0.5µm. Table 3.1 lists the projected range and longitudinal and
lateral straggle for Si at various energies in InP from Monte Carlo simulations.
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Figure 3.8: Si doping profile in SI InP at 350 keV

Table 3.1: Silicon Implant in InP as calculated byTRIM

Implant energy Projected Range Longitudinal Straggle Lateral Straggle

5 92 52 54

10 159 91 85

40 496 256 286

90 1020 490 540

140 1556 696 800

200 2204 902 1060

350 3662 1366 1592
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Figure 3.9: Lateral straggle of the 350 keV Si implant

51



CHAPTER 3. ION IMPLANTATION IN INP

Table 3.2: Implant conditions for basic, implanted subcollector HBT process

Implant species Implant energy Implant fluence Offset angle Implant temperature

Si 140 keV 3×1014 ions/cm2 7 ◦ 200◦ C

40 keV 8×1013 ions/cm2

10 keV 3×1013 ions/cm2

Iions ≤ 10µA

Si implants are performed at the implant conditions stated in Table 3.2. After
implant, the wafers were capped withSixNy and annealed at various temperatures
and times. Table 4.7 gives the mobilities and sheet charge density. It has been

Table 3.3: Hall measurements of resistivity and mobility for Si implants
Anneal temperature Anneal time Hall mobility Carrier density Sheet resistance

(◦C) (s) (cm2/V · s) (cm−2) (Ω/2)

750 30 999 1.22×1014 51.3
800 15 868 1.70×1014 42.3
800 30 909 1.66×1014 41.5
825 15 874 1.87×1014 38.3
850 15 879 2.11×1014 33.7

reported [11] that short anneals at temperatures over 775◦C is required for complete
activation of donor implants. However, above 800◦C theSixNy cap is not stable
and there are numerous anneal defects throughout the wafer. The activation of Si for
800◦C anneal is∼60%. Phosphorus(P) co-implantation is known to greatly increase
the activation of Si. Si acts as donor only if it substitutesIn atoms in the lattice. Co-
implanting P increases this possibility. The profile of Si implant is obtained from
SIMS and is shown in Fig. 3.10. It deviates little from theTRIM simulations.

The sheet resistance obtained above is high for the applications discussed in later
chapters. Therefore the implant energy is increased, to enhance the implant depth.
The details are in Chapter 4 . AFM scans in Fig. 3.11 of the implanted and annealed
wafers indicate that the surface quality is restored to its original state after annealing
at 800◦C.
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Figure 3.11: AFM scans of the implanted surface
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3.1.3 Fe implantation in InP

Iron (Fe) is a mid gap acceptor in InP. Fe is a transition metal with tightly bound
orbitals and hence a small Bohr Radius. Fe atoms occupy the In sites substitutionally
and act as deep acceptor centers for free electrons. Indeed, SI InP substrates are
formed by doping the crystal, during the Liquid Encapsulated Czochralski (LEC)
growth phase, with Fe. Fe typically exists in InP with an oxidation state of +3 and it
can accept one electron to reduce its oxidation state of +2.

Isolation can also be done by implantation. However in InP, implant isolation has
not been as effective in creating high resistivity regions as in GaAs. The ion species
H, He, B, O2 are utilized to create damage implants in n-type InP and, the reported
value of 1 MΩ/2 is insufficient for device isolation. Fe Implantation can be used to
create deep levels; this chemical compensation ensures the crystallinity of the semi-
conductor after high temperature anneal. Isolation by chemical compensation is
more apt if there is a requirement of subsequent regrowth of crystalline layers. Full
compensation is achieved when the concentration of the deep acceptor levelsNA,
exceeds the background dopingND, the Fermi levelEF , is approximately pinned at
EA, the deep acceptor level due to Iron which is∼0.6eV below the conduction band
[13]. This result is derived as follows. Consider a semiconductor with a shallow
donor of active densityND and a deep acceptor atEf and active densityNA. n is
the number of conduction band electrons andp is the number of valence band holes.
Assuming Boltzmann statistics,

n = NCe−(EC−EF )/kT (3.1.3)

p = n2
i /n (3.1.4)

whereni is the intrinsic concentration in the semiconductor. The Fe acceptor has
a negative charge if occupied and neutral if empty. The occupation of acceptors is
given by,

n(EA) =
NAgA

gA + e−(EF−EA)/kT
(3.1.5)

p(EA) = NA − n(EA) (3.1.6)

wheregA is the degeneracy of the acceptor states.gA is usually 4. Charge neutrality
dictates that,

n + n(EA) = p + N+
D where,p = n2

i /n (3.1.6)

Complete ionization of the donor states is assumed.n(EA) can be simplified as,

n(EA) =
NA

1 + θ/n
where, (3.1.7)

θ =
Nc

gA

exp
EA − EC

kT
(3.1.8)
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The charge neutrality equation can therefore be written in simplified form as,

n +
NA

1 + θ/n
= N+

D +
n2

i

n
or, (3.1.9)

n2

N2
D

+
(NA/ND

1 + θ/n
− 1
) n

ND
− n2

i

N2
D

= 0 (3.1.10)

If NA/ND ≥ 1 and the semiconductor become semi-insulating, or intrinsic, then the
number of conduction electrons is determined by the thermal generation, orn = ni.
In that case,

NA/ND

1 + θ/n
= 1 or, (3.1.11)

n =
θ

x − 1
where,x =

NA

ND
(3.1.12)

or expandingθ andn from Eqn.3.1.4 and Eqn.?? one obtains,

EF = EA − kT ln[gA(x − 1)] (3.1.12)

As mentioned, this expression is only valid whenx = NA

ND
≥ 1. A plot of the

Fermi level withx is given in Fig. 3.12. As evident from the figure, the Fermi
level is pinned at the acceptor level even whenx = 20. This is the reason why mid
gap acceptors are used to compensate residual donors, when a SI semiconductor are
needed. When the Fermi level is above the acceptor level, the acceptor states are
filled. Since all the acceptor states are below the donor energy levels, the electrons
preferentially occupy the acceptor sites. This means that the donor states are ionized
and, if the donor density is less than the acceptor density, the conduction band is≈
empty. In this case the Fermi level is at≈ EA. Suppose more donors are added.
First, all the acceptor states are completely filled. The remaining donors then ionize
so that their electrons move into the conduction band. In this case, the Fermi level
approaches the donor level as seen from Fig. 3.12.

The solid solubility of Fe in InP is 1×1017 cm−3. However, this can be overcome
during implantation, since it is essentially a non equilibrium process. Donnelly and
Hurwitz first reported the effect of iron bombardment in InP. Since then, numerous
studies have been conducted using iron implantation in InP [13, 14, 15]. Earlier
work indicates [11] that prolonged anneal at temperatures over 650◦C is required
for damage removal and complete activation of acceptor implants. Indeed, resistiv-
ities as high as 2×107 Ω-cm have been obtained, for Fe implanted inN++ doped
InP(1×1014 cm−3), after 650◦C anneal. However, room temperature implantation of
Fe produces an amorphous implant region which results in significant defects even
after anneal [16].
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Figure 3.12: Fermi levels for various degrees of deep level compensation

To study the effect of Fe inN++ InP, Fe is implanted at 190 keV with a fluence
of 4×1015 ions/cm2 into epitaxially grown 130 nmN−InP and 80 nmN++ InP.
This was carried out at 200◦C to minimize crystal damage and increase Fe acti-
vation, which occurs due to enhanced dynamic annealing at this temperature [17].
As before, the post implant is carried out in a conventional a conventional RTA.
Fig. 3.13 shows the SIMS profiles of Fe in the as-implanted and annealed wafers
and also the theoretical LSS profile fromTRIM. There is significant deviation from
the theoretical profile, in that

• the Fe penetration is deeper than predicted by the TRIM software

• a reduction in the peak concentration

• a pileup of Fe at the surface

. These results concur with that reported earlier [18, 19, 15]. Several arguments ex-
ists to explain this phenomena. Fe tends to accumulate near the maximum damage
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Figure 3.13: Fe profile in 130nm N−/80nmN++ InP at 190 keV/4×1015 ions/cm2

from SIMS and as simulated byTRIM

region with peaks at aroundRp + ∆Rp of the Fe implant. This discrepancy is ex-
plained by the enhanced diffusivity of Fe in the amorphous phase [20]. The diffusion
coefficient is∼ 1×1013 cm2s−1. Furthermore such accumulation at certain points,
occur when the Fe implant fluence exceeds a certain amorphization threshold. This
threshold is 1×1013 ions/cm2 when implanted at room temperature [20] and between
2 and 5×1014 ions/cm2 when implanted at 200◦C. A depletion of Fe atoms is also
observed and this larger when the damage is higher. The Fe atoms are gettered
and/or trapped at the secondary defects formed during annealing. Reconstruction of
an amorphous layer is complicated and strongly influences the redistribution prop-
erties of Fe. . The RBS plots in Fig. 3.14 indicate the presence of an amorphous
region upto a depth of 104 nm for the implant performed at 190 keV with a fluence
of 4×1015 ions/cm2. The anneal at 425◦C is not sufficient to repair the crystal dam-
age. As evident from SIMS, the implanted Fe concentration is well over the Si
N-type doping in the structure. Fig. 3.15 shows a plot of measured resistivity of the
sample with anneal temperature; the as-implanted sheet resistance is 3 MΩ/2. At
temperatures of 500◦C and above, the resistance of the Fe implanted layers drops.
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Figure 3.14: RBS plots indicating an amorphous region after anneal

Evidently, Fe does not fully compensate the Si electrically and RBS plots also in-
dicate a thick amorphous layer. The data therefore suggests that conduction seen
in the wafer is through hopping between the Fe sites, due to its high density. An
anneal is also performed at 725◦C for 15 minutes, as suggested in the literature
[13]; the sheet resistance is seen to be 70Ω/2. At the chosen implant conditions,
it is difficult to fully chemically compensate the highN++ doping. This could be
due to formation of FeP precipitates, or due to the solubility limit of Fe in InP. It
been reported that FeP precipitates were formed in CBE grown Fe doped InP above
an Fe concentration of 2×1019 cm−3, and the resistivity is seen to drop [21]. Some
authors [22] have indeed resorted to using damage Iron implants for isolation. They
obtain 5 MΩ/2 for a room temperature implant. However the amorphous nature of
the implant renders it unsuitable for subsequent crystalline regrowth.

56Fe is a heavy element (compared to 28Si) and therefore creates a lot of damage
to the crystal lattice during the implant process. Shown in Fig. 3.16 is the number
of vacancies produced for Fe implanted at 150 keV, due to collisions with ions and
recoiling atoms. The damage density is calculated for a dose of 5×1014 ions/cm2 is

58



CHAPTER 3. ION IMPLANTATION IN INP

10
2

10
3

10
4

10
5

10
6

10
7

10
8

0 100 200 300 400 500 600 700 800

S
h

e
e

t 
re

s
is

ta
n

c
e

 (
Ω

/s
q

.)

Temperature (
o
C)

Figure 3.15: Resistivity with anneal for Fe implanted in 130nm N−/80nmN++ InP
at 190 keV/4×1015 ions/cm2

to be∼ 5×1022 atoms-cm−2, almost 100% damage. This calculation ignores the
dynamical annealing present during implants at elevated temperatures, but as seen
from RBS and in Chapter 5 , the implanted material is almost completely amor-
phous even when the implants are carried out at elevated temperature. This amor-
phous layer also influences certain chemical properties and this layer is seen to etch
rapidly in BHF. It will be shown in Chapter 5 that annealing above 700◦C for long
periods (≥ 5 minutes) can anneal the damage completely for moderate doses (upto
2×1014 ions/cm2) and energies upto 150 keV. It was seen from the RBS plots and
the resistivity data that it is difficult to anneal the damage when the implant dose
is above a certain threshold. Previous work suggests that this dose increases with
implant temperature [17].

One important parameter ignored in this discussion is the lateral straggle of Fe.
At 190 KeV,∆Rz = 650Å. The straggle becomes important when selectively masked
implants are performed but throughout this work, Fe is implanted non selectively.
Therefore, the lateral straggle is ignored here.
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Figure 3.16: Damage in InP due to Fe implanted at 150 keV

3.1.4 Co-Implantation of Si and Fe

Si and Fe can be co-implanted as is done is Chapter 5 . Since Si and Fe re
activated only when they preferentially occupy group III sites, they both compete
for In sites, when co-implanted. If Fe is implanted first, annealed and then Si is
implanted, it has lesser group III sites to occupy. Hence the activation is reduced,
albeit marginally. Co-implantation has yielded schottky-N++ diodes. The Si is
implanted deep at 350 keV and Fe compensates the top 150 nm to form a SI region.

3.2 Mask for Implantation

. Traditionally in the Si VLSI industry, photoresist(PR) is used to mask the im-
plant. Since all the implants performed here, are heated implants, it rules out any PR
implant mask. Metal can be used as an efficient mask for implants. However, metals
can be difficult to remove.SiO2 or SixNy can also be used as mask. However,SiO2
has a lower density thanSixNy and is therefore less efficient in stopping the ions.
Thermally depositedSixNy has a density of∼ 3.2 g/cc, while plasma deposited
SixNy (at< 300◦C) has a large concentration of hydrogen (10 -35%) which lowers
its density to 2.4 - 2.8 g/cc [23]. Here,SixNy is used as an implant mask whenever
selective implantation is carried out. Fig. 3.17 shows the profile of Si implants (300
keV/6×1014 ions/cm2) with 1µm SixNy on InP. As seen from the figure, the density
of Si atSixNy-InP boundary is∼ 1×1016 cm−3 which is not sufficient to cause N-
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Figure 3.17:SixNy implant mask for 300 keV Si implant in SI InP

type doping. Since the density ofSixNy from the PECVD is not exactly known, a
much thicker mask than is predicted byTRIM is often used.

3.3 Growth on Implanted substrates

For fully crystalline growth, one of the requirements is a crystalline semiconduc-
tor and excellent surface morphology. As discussed in§3.1.1, theSixNy has to be
completely removed after anneal. Any Nitride remaining will cause poor growths
and the Reflection-high energy electron diffraction (RHEED) signal patterns to be
spotty. Fig. 3.5 is evidence that the process developed here results in complete re-
moval of theSixNy encapsulant after anneal. As will be seen in Chapter 4 and
Chapter 5 , anneal conditions developed for Si and Fe implants result in a crystalline
semiconductor and in excellent growth morphology. Several published results exists
for MBE growths on implanted InP substrates and epitaxial layers. Dodabalpur et
al. demonstrated InAlAs/InGaAs HBTs with good DC characteristics grown on Si
implanted InP substrates [24]. High speed HBTs and IC technologies have been
demonstrated for layers overgrown on Si implanted epitaxial material [25, 26].

MBE growth is initiated after a surface treatment consisting of a 10 min. ultra
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violet(uv) ozone treatment followed by 5 min in BHF and 5 min. in DI water. As ex-
plained in§3.1.1, uv-ozone is an effective way of cleaning a surface of organic and
non-organic materials and to form a stoichiometric oxide film. The BHF treatment
removes this oxide. Prior to MBE growth standard oxide desorption is performed
to rid the surface of remaining oxides. The RHEED patterns are seen to be streaky,
indicative of excellent crystalline growth and the surface is observed under high res-
olution optical and electron microscopes to be comparable to fully epitaxial layers.

Having set a background into Si and Fe implantation in InP, Chapter?? and
Chapter 5 will explore practical applications of these implants for high speed de-
vices.
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4
Implanted Subcollector DHBTs

HETROJUNCTION bipolar transistors are mostly fabricated in a triple mesa
process. While these have achieved tremendous performance [1, 2] at the cur-

rent scaling generation, there exists several issues that must be solved before scaling
them further. Fig. 4.1 is an micrograph of a standard triple mesa HBT at UCSB
[3]. In this device there is a significant portion of the base metal that lies outside the
device active region. On the base access pad, is the base post which is≈ 1 µm in
height. This connects the base metal to the top level metal interconnect. The base
post, and hence the access pad have to be≥ 2 µm2 in order to achieve a reliable
and low resistance contact with the metal interconnect. As shown in the cross sec-
tional view of the device in Fig. 4.2, the base pad contributes to the base collector
capacitance.

As discussed in Chapter 2 , this base pad capacitance becomes an important para-
sitic as transistors are scaled. Low power logic can be achieved by using low current
levels. However, to not impact the bandwidth, high current densities should be main-
tained. This necessitates the use of shorter length devices. Eqn.3.3 is repeated here.
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0.6¼ m DHBT fabricated at UCSB

Base 

access pad

Figure 4.1: Planar view of a standard mesa HBT fabricated at UCSB

A major delay component determining digital logic speed is,

Ĉcb ·
Wbm

Wje
· ∆Vlogic

Je
+ Ccb,pad ·

∆Vlogic

JeLjeWje
(4.0.0)

whereĈcb is the device capacitance per unit area (not includingCcb,pad, the access
pad capacitance). For reasons explained, this base pad cannot be scaled. As seen
from Eqn.3.3, as the length is decreased,Ccb,pad becomes a significant fraction of
the totalCcb.

As detailed in Chapter 2 , eliminating the pad capacitance reduces power con-
sumption while maintaining the same bandwidth. Current state of the art mesa
DHBTs have resulted in static frequency dividers operating at 150 GHz but con-
suming 600 mW [4]. In order to design a divider to operate at 150 GHz but at half
the power, current mode logic (CML) can be employed for the data level and emitter
coupled logic (ECL) for the clock level. With current mode logic, the transistors
in the data level has a collector base swing of -∆Vlogic to +∆Vlogic as opposed to
-∆Vlogic + VBE to +∆Vlogic + VBE for levels using emitter coupled logic. CML
operation has greatly reduced maximum current density. From Eqn.3.3,Ccb/Ic in-
creases and hence the delay. In order to maintainCcb/Ic, a simple calculation and
simulations indicate thatCcb has to be decreased by∼ 30%.

There are several methods reported for eliminating this base access pad capaci-
tance through the use of micro air-bridges [5, 6]. Fig. 4.2 shows a secondary electron
micrograph of such as base pad. Typically in such processes, the subcollector under
the feed lines from the base pad is removed by anisotropic wet etching. There are
several disadvantages:
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Figure 4.2: Air bridge to isolate the base access pad: Courtesy NTT, Japan

• The base feed lines are designed to be≈ 0.6-0.8µm to ensure complete re-
moval of the semiconductor below. These present a very large access resis-
tance.

• The use of thin feed lines and the presence of air gaps, presents a reliability
issue.

This technique is thus unsuitable for high yield, manufacturable processes.
An alternate idea is to isolate the base pad by selective implantation. Ion im-

plantation is a viable method to achieve isolation in the active regions and has been
successfully employed in GaAs-AlGaAs HBTs [7]. As discussed in Chapter 3 , Fe
implantation can be used to compensate the N-type collector and subcollector lay-
ers, where isolation is required Fig. 4.1. As detailed in the previous section a very
high dose and energy of Iron is required to isolateN++ layers. Such Fe implants
induces large defect density and is unsuitable where crystalline growth is required.

One of the main ideas explored in this thesis is the use of selective Si implants
to eliminate the base pad capacitance.

4.1 Implanted subcollector HBT process

The process flow of the basic, implanted subcollector HBT is shown in Fig. 4.3.
Starting with a template of Semi-Insulating InP, alignment targets for stepper based
lithography are defined.SixNy is deposited and patterns are defined by dry etch
so that SI InP substrate is selectively implanted with Silicon(Si), an N-type dopant
(Reasons for choosing Si are detailed in Chapter 3 ). Following the implant, the
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SixNy implant mask is removed in BHF. The Si dopant is activated and the im-
plant damage is removed, by a high temperature anneal in the RTA. In order that the
Phosphorus not dissociate during anneal, the top and bottom of the wafer is covered
with 40 nmSixNy. This ensures that a highly doped, isolated subcollector region is
formed only where devices are to be formed. In Fig. 4.1, Si is implanted inside the
drawn boundary. The base access pad lies outside the subcollector implant bound-
ary. This means that the subcollector is not present under this pad and there is no
terminating plate of charge for the electric field lines from thep++ base. The capac-
itance due to the base pad is therefore nearly eliminated. The HBT drift collector,
base, and emitter layers are then grown by Molecular Beam Epitaxy (MBE). Devices
are fabricated in a standard, all wet etch mesa process. However with the selectively
implanted subcollector, HBT isolation does not require a mesa etch. As seen from
Fig. 4.3, this reduces the HBT mesa height by∼ 500 nm significantly improving the
planarity of the device and hence device yield in a complex IC process.
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Figure 4.3: Basic implanted subcollector HBT process flow
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Several criteria need to be satisfied for the implanted subcollector process.

• low sheet resistance subcollector

• high doping at the surface for low collector contact resistance

• crystalline, defect free semiconductor before growth

• excellent surface morphology comparable to InP substrate prior to growth

• planar surface with no recesses due to dry etches/implants/other processing

• high temperature stable alignment targets

• low contact resistivity ohmics toN++ InP

• good isolation between theN++ subcollectors

• defect free MBE growth⇒ low ICBO, DC characteristics simlar to epitaxially
grown HBTs

4.1.1 Si subcollector implant

From the expression for collector resistance in 2.3, the subcollector has to have
high doping of∼ 1-2×1019, and a low sheet resistance comparable to a mesa DHBT
∼ 10 Ω/2. Furthermore the subcollector needs to be isolated with very low inter
device leakage∼ 1 pA/µm. The requirements for the implant are thus summarized
below.

• Low Rc ⇒ high doping⇒ high implant fluence

• Low Rsh ⇒ thick subcollector⇒ high implant energy

• Good isolation⇒ excellent implant mask⇒ thick SixNy

As discussed in Chapter 3 , the anneal should repair the crystal damage and also
activate most of the dopants so that Si preferentially occupies the group III(In) site.

From the data in Table 3.2, the lowest sheet resistance when the Energy = 140
KeV (all other conditions are identical) is∼ 45 Ω/2. This is high compared to 15
Ω/2 for epitaxially grown subcollector in a standard mesa DHBT. In an effort to
decrease the sheet resistance, the maximum implant energy is increase to 200 KeV
to increase the implant depth. FollowingTRIM simulations, the distribution of the
implanted Si ions in InP is shown in Fig. 4.4 for the implant conditions given in
Table 4.1.

This is a multiple energy-multiple fluence implant.
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Figure 4.4: Concentration profile of Si in InP for implant conditions in Table 4.1

• The fluences and energies are chosen so as to obtain an overall concentration
of ≥ 2×1019 over∼ 250 nm. For epitaxially grown InP, the sheet resistance of
such a layer would be∼ 15 Ω/2. The low energy component of the implant
to ensure high doping at the surface for a good ohmic contact. This energy
also ensures that the thickness of theSixNy implant mask is not excessive (≈
1 µm). The implant fluences are kept within the known amorphization limits
of Si implants in InP [8].

• All implants are done at an offset angle of 7◦ to prevent channeling through
the substrate.

• During these implants the substrate temperature is maintained at 200◦C to
minimize the crystal damage due to implant.

• During these implants the current is always kept below 10µA, so that the
substrate does not suffer from additional heating effects.

At this time, the highest known commercially available energy for Si implant at 200
◦C is 350 KeV. In order to simplify the design of the implant mask and the process,
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Table 4.1: Implant conditions for basic, implanted subcollector HBT process

Implant species Implant energy Implant fluence Offset angle Implant temperature

Si 200 KeV 3×1014 ions/cm2 7 ◦ 200◦ C

40 KeV 8×1013 ions/cm2

10 KeV 3×1013 ions/cm2

Iions ≤ 10µA

the above conditions are chosen for first generation transistors in this process. This
is shown to yield sufficiently low values ofRsh. Extensive discussion on implants
in InP etc. has already been provided in Chapter 3

Sheet resistance

After this implant, a high temperature anneal is performed and the sheet concentration(nsh),
mobility(µn), activation(%) and sheet resistance of samples, for the above implant
conditions, are determined from standard four point Hall measurements and shown
in Table 4.7. 800◦C for 30 seconds was chosen as the activation anneal for all Si im-

Table 4.2: Hall measurements of resistivity and mobility for Si implants
Anneal temperature Anneal time Hall mobility Carrier density Sheet resistance

(◦C) (s) (cm2/V · s) (cm−2) (Ω/2)

800 30 722 3.3×1014 26
850 15 900 3.1×1014 22

plants. The activation is≈ 60%. The mobility is lower, and sheet resistance higher,
when compared to epitaxially grown InP (∼ 1000cm2/V · s). Calculations of col-
lector resistance showed that it is still dominated by the contact resistivity. Hence
these implant and anneal conditions were chosen as a starting point. The anneal at
850◦ C for 15 seconds, yielded a lower sheet resistance but the quality of theSixNy

cap was compromised giving rise to several anneal defects as seen in Chapter 3 . The
sheet resistance obtained from Hall measurements correlates with sheet resistances
measured using the transmission line method (TLM).

An anneal at 800◦C for 30s gives a resistance of≈ 25 Ω/2. It will be seen in
Chapter 5 that the defects from the various dry etches and Si implant are sufficiently
annealed out for these conditions. After implant and anneal, the active device layers
are grown. There is no thick buffer as in a standard mesa DHBT process. From
Atomic Force Microscopy(AFM) surface scans, the mean surface roughness for var-
ious anneal conditions. After annealing at 800◦C for 30s, the mean roughness is 1.8
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nm. Virgin SI InP has a mean roughness of∼1.4 nm. AFM scans are also performed
to evaluate the uniformity of the surface after implant.SixNy is the implant masked
and is dry etched to open up the regions where Si is to be implanted, as seen in
Fig. 4.3. The implanted surface is subjected to ion bombardment during dry etching
and implantation. It is critical that the surface is fairly planar before growth since
MBE involves line of sight deposition and hence growth in trenches is not straight-
forward. Fig. 4.5 shows a scan of such a selectively implanted section. The scan
indicates rms planarity of∼ 5nm.

Figure 4.5: AFM scans of selectively implanted sections
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Device Isolation

1µm thickSixNy is the implant mask and from Fig.?? in Chapter 3 , this is seen
to be sufficient to stop Si at the chosen conditions. Higher energy⇒ thickerSixNy

-4

-2

0

2

4

-3 -2 -1 0 1 2 3

80µm ohmic pads seperated by 5µm

Voltage [V]

Figure 4.6: Device isolation between ohmic pads separated by 5µm

implant mask⇒ unknown photoresist recipes to dry etch thickSixNy in the reactive
ion etcher (RIE) available at UCSB.

TLM patterns are formed to test the isolation of these subcollectors and hence
the effectiveness of theSixNy implant mask. Si is implanted under theN++ ohmic
pads. Following activation by high temperature anneal, ohmic contacts are formed
to InP. From Fig. 4.6, the leakage current in the regions masked during implant is∼
pA/µm at 3V, where the ohmic pads were separated by 5µm.

4.1.2 Collector ohmic contacts

In a standard mesa DHBT process, collector ohmics are formed toN++ 6.5 nm
In0.53Ga0.47As to obtain low contact resistivities of∼ 10Ω·µm2. As will be detailed
in the next section, in the implanted subcollector DHBTs, theIn0.53Ga0.47As layer
is undoped and merely used as an etch stop layer. Collector contacts are made to
N++ InP formed by the Si implant. Collector resistance is of a mesa DHBT with a
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two sided collector is given by Eqn.2.3 in Chapter 2 ,

Rc = Rc,contact + Rc,gap + Rc,spread (4.1.0)

Rc =
1

2

√
ρc · Rsh

Le

whereρc (Ω·µm2) andRsh,s (Ω/2) are the specific contact resistivity and sheet resis-
tance of the sub-collector. WithRsh,s ∼ 25 Ω/2, base-collector spacing of 0.5µm,
base mesa width of 1.35µm, contact resistivity≥ 10Ω ·µm2, and assuming that the
collector contact width is� LT the ohmic transfer length, the various components
of Rc are given by

Rc,contact ≥ 8Ω · µm,Rc,gap ≈ 6Ω · µm,Rc,spread ≈ 2.8Ω · µm (4.1.0)

The contact resistance dominates even for contact resistivities as low as 10Ω · µm2.
Since collector contacts are made to wide bandgap InP, contact resistance assumes
significance.

The effect of collector contact resistance on digital logic speed is given by,

f−1
CLK ∝ · · · + Ccb · (

∆VL

Ic
+ Rc,contact) (4.1.0)

At the current scaling generation [4], for∆Vlogic = 300 mV at an operating current
of Ic = 5 mA/µm, the load resistanceRL = ∆VL/Ic is 40Ω · µm. The collector con-
tact resistance is in series with this load resistance. For the above values,Rc,contact

constitutes∼ 16 % of the delay term given by Eqn.4.1.2. Similarly,Ccb ·Rc,contact

delays reducefτ andfmax.
Collector ohmics are made toN++ InP. Since the barrier height are larger for

wideband gap semiconductors, alloyed ohmics(AuGe) are typically employed to
contact wide bandgap semiconductors.Au0.88Ge0.12 forms a eutectic at 365◦C.
In GaAs, the Au reacts with GaAs leaving behind a large concentration of Ga va-
cancies and Ge diffuses, occupies the Ga sites and heavily dopes the underlying
semiconductor N-type[9]. A thin interfacial Ni(1-5 nm) is used as the wetting layer
and also serves to enhance the diffusion of the GeAu alloy[10]. However, the ex-
act mechanism of ohmic formation with alloyed contacts is not well understood in
N-InP.

Non alloyed ohmics such as TiPtAu to N-type InP typically yield high contact
resistivities∼ 800 Ω · µm2 [11]. Sputter cleaning, with an inert gas, the surface
before contact metal deposition reduces the contact resistivity of such non alloyed
ohmics to∼ 40 Ω · µm2 [12]. This is attributed to the formation of In rich surface
that is degeneratelyN++ doped. In contrast, alloyed GeAu ohmics yield low contact
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Table 4.3: Contact resistivity of various metalization schemes to Si implanted InP

S.No Metalization Anneal Rsh ρc

(◦C) (Ω/2) (Ω · µm2)

1 Ni(20nm)/Ge(50nm)/Au(50nm)/Ni(20nm)/Au 300 23 90-100

2 Ni(5nm)/Ge0.12Au(∼80nm)/Ni(20nm)/Au not annealed 16 200-230

320 16 45-50

360 16 25-30

400 16 12-18

3 Pd(3nm)/Ti(17nm)/Pd(∼17nm)/Au 300 10 75-100

4 Ge(1nm)/Ni(5nm)/Ge(50nm)/Au(50nm)/Ni(20nm)/Au

5

6

7

1. Si implanted and annealed with the conditions given in subsection??

2,4. Si implanted at a higher energy∼ 325 KeV and annealed so thatRsh ∼ 15Ω/2

3. Epitaxially grownN++ InP subcollector, withRsh ∼ 10Ω/2

resistivities to Si implanted InP of∼ 7 - 10Ω · µm2. The low energy component(10
keV) of the Si implant employed here (see previous section) ensures a high surface
doping for low contact resistance. Since collector contact formation to InP is not
trivial, several experiments are carried out and the results are summarized in Table
4.3.

It is seen from the above data that the lowest contact resistivity is obtained with
the AuGe eutectic annealed at 400◦C. However, it is seen that such anneals of the
collector ohmics results in an increase in the base and emitter resistivities and is
shown in Table 4.4. Further for alloyed ohmics, high anneals result in pits and poor
surface morphology of the metal contacts.

Annealing at or above 360◦C causes the base contact resistivity to substantially
increase. The base is doping graded from 8×1019 to 5×1019 from the emitter side
to the collector. As the anneal temperature increases, the thin interfacial Pd diffuses,
and forms contact with lesser doped material. The Pd and Ti can diffuse through
the thin base at sufficiently high anneals. Shown in Fig. 4.7are plots of the base
collector leakage current showing the effect of the various anneals. At 400◦C, the
base metal nearly shorts the collector. GeAu contacts require anneals above the
eutectic temperature to obtain low contact resistivity. As seen from the above table,
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Table 4.4: Contact resistivity of base, emitter and collector ohmics at various anneals

Anneal Emitterρc Baseρc Collectorρc

◦C (Ω · µm2) (Ω · µm2) (Ω · µm2)

Ti(20nm)/Pd(40nm)/Au Pd(3nm)/Ti(17nm)/Pd(17nm)/Au Ni(5nm)/Ge0.12Au(∼80nm)/Ni(20nm)/Au

unannealed 5 12 200-230

320 5 18 45-50

360 5 55 25-30

400 50 270 12-18

Ni/Ge/Au where ge and Au are deposited as separately yields the lowest resistivity
at 300◦C. For the initial process runs, these were chosen as collector contacts. This
is similar to regular non-alloyed contacts. In order to use the GeAu eutectic, the
base and collector ohmic processes need to be revised. Either the base ohmic must
be redesigned to withstand high temperature anneals or new collector ohmics must
be developed toN++ InP that yield very low contact resistivities without the need
for an anneal.

4.1.3 Alignment targets

All features are defined by lithography using the i-line (365nm) GCA wafer step-
per in UCSB nanofabrication facility. As HBT feature sizes are scaled, alignment
becomes critical. With the Dark field alignment system(DFAS) on the GCA stepper,
alignment error better than 0.15 um is achieved. This system delivers the best align-
ment, when there is sufficient contrast between the targets and the field. This requires
the targets to be at a significantly different height from the field. The first step of the
implanted subcollector HBT process, consists of creating alignment targets subse-
quently used to align the wafer so as to correctly define features for the subcollector
implant. The alignment targets must withstand the dry etch, high temperature (800
◦C) processing steps and MBE regrowth and must have sufficient contrast. Etching
into the substrate is the most straightforward method of forming alignment targets.
However, the fear that subsequent growth might reduce its step height and affect its
contrast precluded its usage. The≥ 0.7 µm emitter metal also defines targets in a
standard mesa process and provides excellent contrast for precise local alignment.
However, most metal targets, such as Ti or Au are not compatible where a high tem-
perature anneal is required [13]. The refractory metals, Tungsten, Molybdenum and
Tantalum seem to be excellent choices. Molybdenum is etched in BHF which is used
to remove theSixNy implant mask while Tantalum deposition is not straightforward
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Figure 4.7: Base collector leakage upon annealing

and it is highly toxic. Hence the only viable option was Tungsten (W ).
PureW is a hard refractory metal with the highest melting point (3422◦C) of

all metals. It has very low chemical activity at room temperatures and is attacked
slightly by most mineral acids. Owing to its high melting point and it refractory
nature,W is used extensively in high-temperature applications. In the implanted
subcollector process,W was not attacked by any of the acids or bases used. The
first process runs were carried out using W where 0.3µm Tungsten is sputtered and
dry etched to form the alignment targets. These targets however did not withstand
the high temperature anneal step to activate Si, and formed defective outgrowths
as shown in Fig. 4.8. Due to these outgrowths of metal, the DFAS local alignment
system did not recognize the targets. This presented a huge problem since fine align-
ment of≤ 0.15µm was required which was obtainable reliably only by using the
DFAS. One option was to reduce the anneal temperature for Si activation but this
meant a compromise to device performance. Studies and analysis of these W targets
are carried out using energy dispersive x-ray analysis (EDX). Detecting the charac-
teristic fluorescence x-rays emitted from the sample as a result of excitation by the
imaging electron beam, elemental analysis using EDX is performed. Fig. 4.9 shows
the EDX spectra of the overhang metal features on the targets after anneal. A huge
Oxygen concentration is detected. It is found that residual stress and structural prop-
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Figure 4.8: Tungsten alignment targets after high temperature anneal

erties of tungsten films, is a function of the sputtering gas pressure. There is also
found to be a strong correlation between the stress and the microstructure of these
films. The amorphous phase has been found to contain over 20% Oxygen and is re-
ported to be metastable [?]. The thermal properties could thus be severely impacted
by the presence of large oxygen impurities in the sputtered Tungsten.

Element (Transition),   Wt %,    At %

C (K), 3.31,  9.73
O (K), 25.91, 57.14
W (M), 3.84,  0.74
P (K), 14.21, 16.19
In (L), 52.72, 16.20

Element (Transition),   Wt %,    At %

C (K), 3.31,  9.73
O (K), 25.91, 57.14
W (M), 3.84,  0.74
P (K), 14.21, 16.19
In (L), 52.72, 16.20

Element (Transition),   Wt %,    At %

C (K), 3.31,  9.73
O (K), 25.91, 57.14
W (M), 3.84,  0.74
P (K), 14.21, 16.19
In (L), 52.72, 16.20

Figure 4.9: EDX spectra of the defects on the Tungsten targets after anneal

Ti(10%)W was reported to be stable after annealing at 800◦C [15]. TiW alloy
has similar chemical properties to W. It could be easily dry etched and is not attacked
by any of the chemicals used in this process. Furthermore, these targets had better
contrast on the stepper’s local alignment system than W, which is a dull grey metal.
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TiW was sputtered at low pressures to a height of∼ 0.3µm. These targets withstood
an annealing temperature of 800◦C. Tthey are stable(Fig. 4.10) after MBE growth,
and are resolved by the stepper’s alignment system.

x 500 x 1500

Figure 4.10: TiW alignment targets after high temperature anneal and MBE growth

4.1.4 Design of RF mask

The region where the base pad lies has to be masked during Si implant. Si has to
be implanted under the collector contacts and in the active device region (Fig.??).
The Si implant also has to be present under the emitter junction. In actuality, it has
to extend beyond the length of the emitter junction due to current spreading. The
length of the subcollector mask is determined as follows.

Lsc = LE + Tc − ∆xE − ∆xstraggle + 2∆xalign (4.1.0)

whereLE is the length of the emitter as on the photomask in Fig. 4.11,∆xE is
the longitudinal undercut of the emitter,∆xstraggle is the straggle due to implant,
∆xalign is the alignment tolerance. Since the subcollector and emitter are individ-
ually referenced to separate zero level targets, the alignment error doubles. The
implant straggle from TRIM plots is seen to be∼ 0.2 µm. With ∆xE = 0.4 µm,
∆xalign = 0.2µm.

Lsc = LE + Tc − 0.2 (4.1.0)

To accommodate collector thicknesses below 200 nm, the length of the subcollector
photomask is designed such that,Lsc = LE. In order to compare the effectiveness
of the subcollector implant process, the base pad is not isolated in some devices, so
that the region under the base pad is not masked during implant.
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LSCLE

base pad

Figure 4.11: Layout of implant mask, seen with the emitter, base and base access
pad

4.2 HBT design for implanted subcollector

The design of each layer in an HBT is detailed in Chapter 2 . With the litho-
graphic capabilities available at the time 0.6µm features can be reliably processed
at UCSB, even for complex ICs. The implanted subcollector DHBTs have signifi-
cant performance advantages when devices are scaled. However, the first generation
transistors are intended to compare the advantages of this process against the mesa
technology. In order to make intelligent assessments, performance comparisons has
to be made against existing transistor results. Fast HBTS have been reported at
UCSB, with collector thicknessTC = 200nm [16], 150 nm [17], 120 nm [3], 100 nm
[18].

Static frequency dividers with∆Vlogic = 300 mV, demonstrated a maximum
clock speed of 140 GHz[4]. These have aCcb/Ic of ≈ 0.5 ps/V. As stated earlier,
Ccb reduction techniques results in superior bandwidth of digital logic circuits and
the best performance metric for implanted subcollector DHBTs is maximum digital
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logic speed. The minimum voltage swing is given by,

∆Vlogic ≥ 2Je · ρe + 6
kT

q
(4.2.0)

A typical value of emitter contact resistivity repeatedly obtained isρc ∼ 10 Ω ·
µm2. If Je ∼ 8 mA/µm2, Je ·% ∼ 80 mV. The device operating temperature is∼
400K, therefore 6kT/q∼ 200 meV. The noise margin is only∼ 20 mV. There for
these values of contact resistivity, the maximum operating current density has to be
maintained below 8mA/µm2. Furthermore the maximum operating power density
of the ECL dividers is∼ 1.1V× 8mA/µm2 ≈ 9 mW/µm2 and such power densities
should be supported in the layer designs.

As stated earlier, in order to compare against existing technology, the emitter
and base layers for the first generation implanted subcollector DHBTs are identical
to the mesa DHBTs reported [3]. The emitter base junction is abrupt, also due to
ease of processing. (Selectively wet etching aIn0.52Al0.48As- In0.53Ga0.47As grade
is not straightforward). The base is designed to be 30 nm. For the contact metal-
lurgy used and doping levels obtainable, this offers the best compromise between
τb andRbb. The collector design was an open choice. However, the maximum op-
erating current density has to be kept below 8mA/µm2. 120nm collectors have a
maximum operating current threshold of∼ 8 mA/µm2. From the scaling laws, in
order to maintain the highest current density and lowestCcb, 120 nm is the preferred
choice. The minimum resolvable lithographic limit with good device yield for ICs
at the UCSB nanofab facility, at this time is∼ 0.6µm. Minimum repeatable contact
resistivities obtainable are,% ∼ 10 Ω · µm2. The lowest base resistivity for state of
the art C doped, MBE grownIn0.53Ga0.47As layer is 18Ω · µm. For 30 nm bases,
this yields an ohmic contact length of∼ 0.13µm. With an alignment tolerance of
0.15µm, the base ohmic has to be at least 0.3µm wide on either side of the emitter
for low base resistance. For dividers, the emitter widths are designed to be≥ than
the present lithographic of 0.6µm.

With new lithographic capabilities acquired recently at UCSB, and in conjunc-
tion with better specific contact resistivities that have been recently obtained, the
implanted subcollector DHBTs will greatly benefit future laterally and vertically
scaled transistors.

4.2.1 Design of InGaAs etch stop

In standard mesa DHBTs, theN++ subcollector is a composite structure and
consists of highly dopedN++ 6.5 nm InGaAs over 300 nm InP. TheN++ InGaAs
serves as the contact layer and also as an etch stop to selectively stop on the subcol-
lector during the second mesa etch.
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In the implanted subcollector DHBTs, theN++ InP is selectively implanted.
N++ InGaAs cannot be present on these implanted subcollectors. This layer which
if present andN++ doped, will form a terminating electrode under the base pad. This
negates the entire idea of having selectively implantedN++ regions to eliminate
the base pad capacitance. However an InGaAs layer is required as an etch stop.
Therefore this InGaAs layer has to be necessarily undoped.

The InGaAs layer is to be sandwiched between InP layers and has a conduction
band discontinuity of 0.25 eV with InP. A thin layer of InGaAs therefore forms a
quantum well of electrons with a depth of 0.25 eV. It is critical that there be no
electron/hole pile up in this quantum well. This means that the ground level for
electrons in the quantum well must be much higher than the electron Fermi level.
For a quantum well with infinite barriers, the ground state energy is given by

E0 =
~2π2

2m∗
eL

2
(4.2.0)

where L is the thickness of the quantum well. By reducing the thickness of this
well, the ground state energy can be increased. But, for a finite well, it can be shown
that there always exists atleast one energy level. It can be shown that the number of
levels [19] is given by,

N = 1 + Int
2koa

π
(4.2.0)

The ground state energy level for a quantum well of finite depth is given by,

E0 =
~2k2

2m∗
e

(4.2.0)

where the wavevector k is defined by

kL

coskL
= k0L (4.2.0)

andk0 is given by

k0 =

√
2MV0

~2
(4.2.0)

V0 is the height of the well, hereV0 = ∆Ec = 0.25eV . For example, in the extreme
case of L = 0,E0 = V0. For L =∞, E0 = 0. Thus0 ≤ E0 ≤ V0; there is atleast
one energy level in a quantum well with finite barriers. Simulations were carried out
in 1-D Poisson to calculate the electron concentration in the InGaAs quantum well
for quantum wells of width = 4nm and 5nm, and shown in Fig. 4.12. The InGaAs
layer has to be thick enought to be an effective etchstop during the wet etching of the
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InP collector. The ground state energy level is 0.13eV above the Fermi level for an
InGaAs layer of thickness 4 nm while the electron concentration is∼ 6×1015 which
is much lower than the collector doping of∼ 3×1016. The undoped InGaAs etch
stop layer is designed to be 3.5 nm.
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Figure 4.12: Electron concentration and Ground state energy level of quantum wells
(4nm and 5nm) of UID InGaAs sandwiched between the collector and SI InP
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4.3 Large area HBTs with implanted subcollector

In order to evaulate the layer structure, and growth on implanted substrates, SI
InP is blanket implanted with Si at the conditions given Table 4.1. The wafer is an-
nealed at 800◦C for 30 sec and subsequently growth was done by MBE at UCSB.
The HBT layer structure consisted of a 150 nm collector and 30 nm base. Large
area devices are fabricated where the emitter, base and collector are defined by 2
wet etches, followed by a single, common metalization (PdTiPdAu). From TLMs,
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Figure 4.13: DC characteristics and base-collector leakage

the specific contact resistivities are 5-10Ω · µm2 while the base sheet resistance is
very high∼ 3600Ω/2. This is believed to be due to the surface depletion of∼
10 nm and chiefly due to miscalibration of the base Carbon doping and is corrected
in subsequent growths. Fig. 4.13 shows the gummel characterisitics of these large
area HBTs. These devices show a gain of≈ 70. This high gain is further indicative
of lower Auger recombination and hence low base doping. The plot on the right in
Fig. 4.13 indicates that the leakage current at 2V is∼ 8×10−6 mA/µm2. Extrapo-
lating this for small area devices with a base collector area of 1.3×5.25µm2, ICBO

is∼ 5.6×10−5 mA andICEO is∼ 3×10−3 mA which is a very low compared to op-
erating currents of≥ 10 mA and is hence indicative of a low base collector leakage
and hence good growth on these implanted susbtrates. The very high base resistance
is evident from the deviation from exponential charcterisitics even at moderate base
emitter forward bias voltage of 0.8V.

Fig. 4.14 shows the Capacitance Voltage(CV) characteristics and the doping pro-
file of the collector is extracted from the CV data. The data measured from the large
area devices clearly illustrate that growth on implanted substrates is comparable to
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Figure 4.14: CV characteristics and doping profile

fully epitaxial structures.

4.4 RF process and device results

Large area devices have shown low leakage and good DC gain. Small area de-
vices were processed with the layer structure shown in Table 4.5.

4.4.1 RF process

TiW alignment targets are defined, and following the process described in§4.1
and surface treaments elucidated in Chapter??, growths were carried out atUCSB’s
MBE facility. A brief description of the process after growth is given below. The
details are given in Appendix??. The emitters are accurately aligned to the TiW
alignment targets. Alignment targets are also defined with the emitter metal and all
further alignments are referenced to these. The emitter layer is then wet etched down
to the base.∼ 0.2µm Base contacts and a base post of∼ 1 µm are deposited. Fol-
lowing this, the base mesa etch is performed down to the implanted InP subcollector.
Collector contacts are defined using Ge/Ni/Ge/Au/Ni/Au. These were annealed only
at a temperature of 300◦C to not impact the base contact resistivity. After the collec-
tor post is deposited, the wafer is planarized with Benzo Cyclo Butene(BCB) which
is etched down to barely expose the metal posts. 100 nm ofSixNy is deposited to
improve Metal-1(M1) adhesion and to form capacitors. The first level of intercon-
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nect M1 then contacts the devices after forming vias inSixNy. Devices are tested
after this metalization step.

4.4.2 Device Results - Si Implanted subcollector DHBTs

The complete layer structure in the active device region are given in Table 4.5.
The corresponding band diagram is depicted in Fig. 4.15. The projectedJKirk =
7 mA/µm 2 at Vcb = 0.0 V andJKirk = 11 mA/µm 2 at Vcb = 0.6 V. The expected
capacitance per unit area from Fig.?? is ≈ 1 fF/µm2.

Table 4.5: Layer structure: Si Implanted subcollector, 120 nm collector, 30 nm base
Thickness (nm) Semiconductor CompositionDoping (cm−3) Description

5 In0.85Ga0.15As > 4 · 1019:Si Emitter cap
15 InxGa1−xAs 4 · 1019:Si Emitter cap
20 In0.53Ga0.47As 4 · 1019:Si Emitter cap
80 InP 3 · 1019:Si Emitter
10 InP 8 · 1017:Si Emitter
40 InP 5 · 1017:Si Emitter
30 InGaAs 4 − 7 · 1019:C Base
15 In0.53Ga0.47As 3.25 · 1016:Si Setback
24 InGaAs / InAlAs 3.25 · 1016:Si B-C grade
3 InP 3 · 1018:Si Delta doping
78 InP 3.25 · 1016:Si Collector
3.5 In0.53Ga0.47As undoped Etch Stop

Substrate Si implanted InP Subcollector

The TLM measurements of the collector and, of the pinched and non-pinched
base TLMs are given in Fig.??. Isolation between ohmic pads seperated by 10µm
is ∼ 20 pA/µm.

Fig. 4.17 is a plot of the DCIC − VCE characteristics. There is no evidence of
gain compression till≈ 9 mA/µm2 atVcb = 0V. The Gummel curves are plotted for
Vcb =0V andVcb =0.3V Fig. 4.18. The collector and base ideality factors areηc =
1.15 andηb = 1.65. These are in line with those obtained for fully epitaxial DHBTs.
The leakage currentICEO from the gummel curves is≈ 90 pA atVcb = 0.3V. The DC
current gain of the transistor =Ic/Ib from the gummel curves is shown in Fig. 4.19.
The HBT’s gain compression point is≈ 6 mA/µm2 at Vcb = 0V and 7mA/µm2 at
Vcb = 0.3V.

Shown in Fig. 4.20 areICEO andICBO. ICEO is collector-emitter leakage with
the base open and defines the Common Emitter Breakdown Voltage,BVCEO. ICBO
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VBE=0.8 V 
VCB=0.2 V

Figure 4.15: Band diagram of Implanted subcollector DHBT atVbe = 0.8V andVcb

= 0.2V

is the collector-base diode leakage with the emitter open and defines the Common
Base Breakdown VoltageBVCBO. It can be shown thatICEO = β ICBO and hence
BVCEO is usually smaller than the common base breakdownBVCBO.

Typically breakdown voltages are defined at a certain current, sayICBO = 50µA.
By this definition,BVCEO (at Ic = 50µA) = 4.3V andBVCBO = 5.2V. As detailed
in Chapter 2 , withVbe spacings of 1mV andVcb = 0V and 0.1V, the resistance as
seen in the emitterRex + Rbb/β is derived from gummels and plotted as function of
current density Fig. 4.21. The decrease at low current densities(≈ 1 - 3 mA/µm2)
is an artifact due to the exponential curve fitting toIc. However at medium current
densities,Rex + Rbb/β is seen to decrease. This is due to two effects- the increase
in current gain and more importantly decrease of base resistance at medium-high
current densities. At these current densities, the base current is partly carried by
electrons [20]. The thermal resistance can also be derived. Plotted in the right
hand side of Fig. 4.21 is the thermal resistance,Θth · φ (also referred to asRth are
derived. The thermo electric feedback coefficientφ, for InP/InGaAs DHBT, at 1
mA/µm2 is ≈ 0.001 mV/◦C [21]. From this the thermal resistance at 1mA/µm2 is
2.1 deg K/mW. The collector resistance is extracted from theIC−VCE characteristics
of the transistor at saturation, using the Fixedβ method described in Chapter 2
and is plotted in Fig. 4.22. This method returns the collector plus emitter series
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Figure 4.16: Base and Collector TLM measurements

resistance. Since the emitter resistance is already known,Rex ≈ 3 Ω the collector
resitance is determined to be≈ 12 Ω. The device DC current gain, ideality factors,
and collector leakage current are consistent with those measured from the triple-
mesa HBT equivalent [3].
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DC-45 GHz S-parameter measurements are carried out after performing an off
wafer Line-Reflect-Reflect-Match calibration on an Agilent 8510C network ana-
lyzer. On-wafer open and short circuit pad structures identical to the ones used
by the devices are measured after calibration in order to de-embed their associated
parasitics from the device measurements. ShieldedInfinity probes are used for mi-
crowave measurements. Their superior field confinement reduces unwanted cou-
plings to nearby devices and transmission modes. The unilateral power gain, U and
short circuit common emitter current gain, h21 are plotted in Fig. 4.23. Extrapolat-
ing these at 20 dB/decade,fτ andfmax are obtained as the frequencies at which U
and h21 are 0 dB respectively. Thefmax andfτ are lower than the standard, fully
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Figure 4.23: Microwave gains of Si implanted subcollector DHBTs

epitaxial, triple mesa DHBT. The base resistance is higher for these DHBTs(45Ω
vs. 35Ω), since these were grown at UCSB where there are difficulties obtaining
a high Carbon doping and hence lower base resistivity. Further, the collector resis-
tance is higher (10Ω vs. 2Ω) due to the poor ohmic contact. The capacitance voltage
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characteristics of the implanted subcollector DHBTs atIc = 0 mA, are plotted and
compared with the standard mesa equivalent in Fig. 4.24. From the figure, contrary
to the expected reduction, theCcb is the same as that of the standard triple mesa
device lower voltages. TheCcb is the same for the standard mesa device and the
implanted subcollector DHBTs till∼0.6V. Ccb,pad is thus not eliminated. As seen
from the CV plots, the capacitance of the implanted subcollector DHBTs where the
pad is isolated progressively decreases with increasing bias. This is not seen in the
triple mesa equivalent where the collector is fully depleted at∼ 1V and the reduc-
tion in capacitance due to the Debye tail is negligible. In order to investigate this
phenomenon, CV measurements (Ic = 0 mA) are made of devices where the base
access pad is not isolated and plotted in Fig.??. The devices where the base access
pad is isolated is similar to a standard mesa DHBT with a base access pad capaci-
tance, since the Si implant is also performed in the regions under the base pad. It is
seen from Fig.?? that this capacitance decrease at high bias voltages is not observed
for implanted subcollector DHBTs where the base pad is not isolated and closely
follows the CV profile of the standard mesa DHBT. This data suggests the presence
of some interface charge under the base access pad. This charge is progressively
depleted at high collector base bias voltages and hence a reduction is seen in devices
where the pad is isolated as in Fig. 4.1. The DC results compare with the standard
mesa DHBT and hence indicate the feasibility of manufacturing microwave HBTs
on implanted substrates. The RF results indicate that the expectedCcb reduction due
to isolation of base access pad by implant is not present at low bias voltages. The
capacitance due to the base access pad,Ccb,pad is thus not eliminated at these volt-
ages. This is attributed to an N-type charge at the growth interface which is depleted
at progressively higher biases. The elimination of this interface charge is there-
fore crucial to the theoretically predicted operation of these implanted subcollector
DHBTs.

4.5 Interface charge

It was seen from the previous section that there exists a positive interface charge
that acts as terminating electrode for the base-collector electric field. This charge,
if left uncompensated, results in incomplete depletion and hence no reduction in
extrinsicCcb. Ccb,pad is thus still present in this bias range (till∼3V). The inter-
face charge is depleted at high bias voltages (∼ 4V) and hence there is a reduction
in capacitance at those voltages. However, this is not very useful for bandwidth
enhancement in transistor operation in InP based circuits.

The origin of this unintentionally introduced N-type conduction in exposed InP
surfaces(epitaxial or substrate) is identified to be Si impurity states [22, 23]. These
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are verified by sheet charge measurements and SIMS. The Si donor states are formed
as result of processing and also due to the ambient Si. Rhe Si atom sheet concen-
tration was found to be proportional to the time of exposure to ambient air. The
concentration of these Si donor states is thus heavily process dependent and is in the
range of 1×1012 - 1×1013 cm−2. This interface charge is also responsible for parallel
conduction at the substrate interface in InP based HFETs. It is the cause of the low
turn on, increased resistance and high capacitance in p-i-n InP based photodetectors,
where the p layer is regrown and the interface charge is present on the surface of the
i-layer. Regrown HBTs with implanted pedestals reported at UCSB [24] also suffer
from this charge at the regrowth interface which resulted in no capacitance reduction
at low bias voltages.

Several methods have been utilized for reduction of this interface charge, includ-
ing advanced surface clean procedures [23], annealing in a phosphine ambient [22]
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and overgrowth of a charge compensation layer [25]. This interface charge is pro-
cess dependent and full compensation might not be possible with process techniques
or an empiricalp++ compensation layer.

4.5.1 Insufficient charge compensation with ap++ overgrowth

The interface charge is also present on epitaxially grown UID InP layers, as part
of the pedestal process developed at UCSB [25]. Starting with a grown template of
200 nm UID InP over 300 nmN++ InP, Si is selectively implanted to form anN++

pedestal. The active collector, base and emitter layers are then regrown. Interface
charge is present on the 200 nm UID epitaxial InP prior to regrowth and has the
same effect as here. An empirically determinedp++ In0.53Ga0.47As compensation
layer was overgrown. In order to check the level ofp++ doping required for com-
pensation, various levels ofp++ In0.53Ga0.47As from 2.5-7.5×1018 cm−3, and a test
sample with undopedIn0.53Ga0.47As, are first overgrown on the template. This is
followed by growth of the active device layer stack - the 120 nmN− drift collector,
base and emitter. This device has a 120 nm collector on UID InP and with sufficient
compensation has a depletion depth of 320 nm. This is identical to the extrinsic
region of the device in the regrown pedestal process [25]. Large area HBTs are
fabricated and Capacitance - Voltage measurements indicate the extent of interface
charge compensation. Fig. 4.25 shows the CV plots of the extrinsic device region
with various levels ofp++ compensation layers. As a result of interface charge, the
layer without ap++ In0.53Ga0.47As layer has the largest capacitance at low bias volt-
ages. Thep++ In0.53Ga0.47As layer doped, in different samples, from 2.5-7.5×1018

cm−3 incompletely compensate the interface charge as seen in the partial reduction
in capacitance. The capacitance at 1V, for the layers without anyIn0.53Ga0.47As
overgrowth is∼ 33 fF while the The capacitance at 1V, for the layers with 4 nm, 7.5
×1018 cm−3 In0.53Ga0.47As overgrowth is∼ 23 fF. Since the collector thickness is
120 nm and the thickness of the UID InP layer is 200 nm, if the interface charge is
fully compensated, the expected capacitance when the collector is fully depleted is
∼13 fF. The tail in the CV at high biases indicates that the interface charge is insuffi-
ciently compensated and gets progressively depleted with increasing base collector
voltage. As seen from the charge profile extracted from the CV data, there is a
charge buildup at the growth interface, despite the 4 nm, 5e18p++ In0.53Ga0.47As
compensation layer. These results indicate that the empiricalp++ layer is not a good
solution to compensate the interface charge.
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4.5.2 Interface charge compensation using Fe implant

A new, robust technique is introduced in this dissertation wherein Fe implan-
tation is used to eliminate this interface charge. As discussed in Chapter?? , Fe
is a mid-gap acceptor in InP and serves to compensate the donor states. Thus by
sufficiently compensating the Si donor states with Fe, the N-type conduction at the
interface is eliminated. The process thus involves, implanting a blanket sheet of Fe
to compensate the interface charge. The subsequent selective Si subcollector implant
then defines the isolated subcollector as in§??

The band diagram of thep++ In0.53Ga0.47As and N− collector region under
the base pad is shown in Fig.?? when there is an N-type interface present and the
corresponding simulated CV profiles are shown in Fig.??. To first order, the electric
field in the collector corresponds to,

ε(Vcb + φbi)

qTc
= ns +

NcTc

2
(4.5.0)

wherens is the regrowth interface charge density,Nc is the doping in the drift col-
lector, andTc is the thickness of the drift collector,φbi is the built-in potential of the
base-collector junction andVcb is the base-collector reverse bias voltage. In order to
ensure complete charge depletion at the regrowth interface in the region under the
base pad area

ε(Vcb + φbi)

qTc
+ nFe ≥ ns +

NcTc

2
(4.5.0)

wherenFe is the density of active Fe in cm−2. If the collector is so designed as to be
fully depleted at zero bias, then

εφbi

qTc
=

NcTc

2
(4.5.0)

ThereforenFe ≥ ns for full charge compensation, even at zero bias. The Fe implant
conditions are chosen to satisfy the above requirement. The conditions for the Fe
implant are as follows

• The Fe implant conditions should be selected to fully compensate the N-type
charge at the growth interface between the substrate and collector epitaxial
layers, over the observed 1 5×1012 cm−2 range of regrowth interface charge
densities.

• Some of the surface is unintentionally attacked during various process steps.
The Fe implant should be therefore be sufficiently deep.
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• Fe is a heavy ion and causes significant damage to the crystal. This should be
completely annealed out before growth.

• The Fe implant should not be very high since the subsequent Si implant should
overcome the Fe doping to form a highlyN++ subcollector for the active
device regions.

A experiment, similar to the one in§4.5.1, to check C-V curves of large area
devices is performed to verify the compensation of interface charge by Fe. In order
to determine the Fe doping required for complete compensation, Fe is implanted,
at 50 KeV at three different fluences in a similar grown template, 200 nm UID InP
over 300 nmN++ InP. These were then annealed at 700◦C for 5 minutes, which is
shown in Chapter 5 to be sufficient to repair the lattice damage due to Fe implant
for fluences below 2.4×1014 ions/cm2. The active layers(with a 150 nm collector)
are immediately grown after the Fe implant. Since the Fe implant is intended to
compensate the interface charge, these do not have a compensatingp++ overgrowth.
Large area devices are fabricated to determine C-V characteristics . A fully epi-
taxial, standard DHBT with similar active layer structure is also co-processed for
comparison. From Fig. 4.27 it is seen that the capacitance is reduced over the entire
measured range of bias voltages, for all fluences of Fe. Thus the interface charge is
fully compensated even for a fluence as low as 1×1013 cm−2. Capacitance when
collector is fully depleted for fully epitaxial DHBT is 1fF/µm2. Capacitance when
collector is fully depleted for Fe implanted, regrown DHBT is 0.42fF/µm2. This
corresponds to a depletion depth of≈ 350 nm.Tc(150nm) + TundopedInP (200nm)
= 350 nm. The depletion depth is increased and capacitance is therefore reduced,
exactly as expected in the extrinsic device regions.

Fig. 4.28 and Fig. 4.29 shows further evidence of compensation of interface
charge by Fe implant at two different fluences. In LACVD 3 and LACVD 6, Fe
is selectively implanted. Since Fe is present only in the extrinsic region, current
blocking effects (if any) due to Fe traps are removed. In both figures, LACVD1 and
LACVD2 have similar profiles which is again proof that Si doping is sufficiently
high to counter compensate Fe that no shift in built in voltages are observed. In
LACVD5 and LACVD6, the effect of interface charge is observed, where the capac-
itance starts to decrease at∼ 2V of reverse bias.
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Figure 4.28: C-V’s of various test structures: Fe is implanted at 2×1013 ions/cm2:
This data was obtained at RSC
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Interface charge depletion

Figure 4.29: C-V’s of various test structures: Fe is implanted at 4×1013 ions/cm2:
This data was obtained at RSC
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4.5.3 Large area devices with Si and Fe implants

The selective Si subcollector implant that follows the blanket Fe implant must
dope the regionN++. Large area HBTs are fabricated on templates with and without
Si implant. On one set of templates, the active layers(with a 150 nm collector)
are immediately grown after a 50 KeV, 2×1013 ions/cm2 Fe implant. It was seen
from the previous experiment that any fluence≥ is sufficient for interface charge
compensation. One another set of templates, following the Fe implant, a blanket
Si implant similar to the one used for the implanted subcollector DHBT, is carried
out and the active device stack is then grown. A fully epitaxial, standard DHBT
with similar active layer structures is also co-processed as a comparison. Fig. 4.30
shows the C-V profile of the three different test structures. The std. mesa DHBT
with 150 nm collector has a capacitance of≈ 0.8fF/µm2 when fully depleted. The
HBT overgrown on Fe implanted template has a capacitance of≈ 0.34fF/µm2.
In the intrinsic region under the emitter, theN+ pedestal is present. This is exactly
represented by the large area HBT where both Si and Fe are implanted prior to
growth. The CV characteristics where Si and Fe are implanted, in Fig. 4.30, is
similar to the standard mesa DHBT. This is to be expected, since a blanketN+

pedestal layer is akin to aN++ subcollector layer. The built-in voltage of the base
collector junction of the pedestal HBT is similar to the fully epitaxial HBT. This is
the expected performance in the intrinsic portion of the device.
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The base collector leakage for the regrown device with Si and Fe implants is
similar to a fully epitaxial HBT. The base collector leakage plot shows thatICBO at
3V ∼ 0.1 mA (10×10−6 mA/µm2). For a microwave device with a base collector
junction of∼ 7 µm2, ICBO and gain of∼50,ICEO is≈ 3.5×10−3 mA/µm2. This is
a very small leakage current at 3V. The DCIC − VCE characteristics do not shown
any current blocking due to the Fe implant. The offset voltages and breakdown
voltages are consistent with those measured for similar large area, fully epitaxial
HBTs. There is a high series collector resistance which is possibly due to low doping
in the pedestal(Si is implanted at 150 KeV / 2×1013 ions/cm2 to minimize implant
straggle which will be addressed in Chapter?? ).

Low collector contact resistivity and sheet resistance are obtained in§?? even
with an Fe implant. Therefore the Si implant sufficiently overcomes the Fe implant
to form anN++ subcollector (or pedestal) and does not hamper the collector ohmic
contact.
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4.6 Implanted subcollector DHBTs with Fe

The process is modified to have include a blanket shallow Fe implant. It was
seen from the previous section, that Fe implant with fluences≥ 1×1013ions/cm2

is sufficient to compensate the residual interface charge. Fig.?? shows the profile
of the Fe at the implant conditions chosen, and also the Si subcollector implant.
A low energy Fe is chosen to minimize current blocking effects and to ease the
requirements on Si implants. Assuming∼ 10 nm of the surface is removed, the
active Fe concentration is∼ 1×1013 cm−2. This is much larger than the observed
range of interface charge densities. The Si doping at the surface is designed to be
high enough to enable a low collector contact resistance.

The process flow of the implanted subcollector HBT with Fe is shown in Fig. 4.33.
A semi-insulating InP substrate is blanket implanted with Fe at 10 keV, at a fluence
of 2×1013 ions/cm2 as in Fig.??a. The wafer is then annealed in the RTA at 700
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◦C for 5 minutes to activate the Fe and to repair crystal damage. The process flow
that follows is identical to that of the implanted subcollector HBT without Fe, de-
scribed in§??. TiW alignment targets are defined. The sample is then selectively
implanted, usingSixNy as the implant mask, with Si. The Si and Fe implant condi-
tions are given in Table 4.6. The Si implants are activated by annealing at 800◦C/10s.
The Si implant dose is much larger then the Fe acceptor density in the selectively
implanted region. This ensures that a highly doped, isolated subcollector region is
formed. The base access pad lies outside the subcollector implant boundary and, in
the absence of interface charge, does not contribute toCcb. The active InP HBT lay-
ers are then grown by MBE. The device drift collector, base, and emitter layers for
both wafers are identical to that of the DHBTs reported in§4.4. As before, Growth
is initiated with a 3.5nm undoped InGaAs etch-stop layer between the InP collector
and the InP substrate. The drift collector, base, and emitter layers are grown. De-
vices are formed by wet-etching the emitter and base mesas. The collector contact
used is Ni/Ge/Au/Ni/Au as in§4.1.2 and are annealed at 320◦C.

Table 4.6: Implant conditions for implanted subcollector HBT process with Fe

Implant species Implant energy Implant fluence Offset angle Implant temperature

Fe 10 KeV 2×1013 ions/cm2 7 ◦ 200◦ C

Si 200 KeV 3×1014 ions/cm2 7 ◦ 200◦ C

40 KeV 8×1013 ions/cm2

10 KeV 3×1013 ions/cm2

Iions ≤ 10µA

The sheet resistance of the subcollector with Si and Fe implant is determined
from Hall measurements and shown in Table??. The different anneal conditions

Table 4.7: Hall measurements of resistivity and mobility for Si implants
Anneal temperature Anneal time Hall mobility Carrier density Sheet resistance

(◦C) (s) (cm2/V · s) (cm−2) (Ω/2)
700 60 925 2.6×1014 26
750 60 956 2.5×1014 26
700 300 905 2.5×1014 27
750 300 872 2.7×1014 26
800 10 710 3.3×1014 27
800 30 886 2.8×1014 25

shown here, all yield a subcollector sheet resistance∼ 25-27 Ω/2. 800 ◦C for
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30 seconds was chosen as the activation anneal for all Si implants. Ignoring the
effect of Fe, the activation is≈ 56 %. These are similar to the values obtained for
the implanted subcollector DHBTs without Fe. The surface Fe does not affect the
resistivity of the subcollector.
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4.7 Device Results - Si Implanted subcollector DHBTs
with Fe

Large area devices have shown low leakage and excellent DC characteristics.
Small area devices were processed with the identical layer structure shown in Ta-
ble 4.5. The process has already been described in§4.4.1.

The TLM measurements of the collector and, of the pinched and non-pinched
base TLMs are given in Fig. 4.34. The collector contact resistance is very high≈
500Ω · µm2, while the sheet resistance is similar to that obtained in§4.4. Due to
the 320◦C anneal for the collector ohmics, the base ohmics also have high contact
resistivity of≈ 165Ω · µm2. The Isolation between ohmic pads separated by 10µm
is 20 pA/µm. Fig. 4.35 is a plot of the DCIC − VCE characteristics. There is no
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Figure 4.34: Base and Collector TLM measurements

evidence of gain compression till≈ 7 mA/µm2 at Vcb = 0V. The Gummel curves
are plotted forVcb =0V andVcb =0.3V Fig. 4.36. The collector and base ideality
factors areηc = 1.11 andηb = 1.58., consistent with those obtained for fully epitaxial
DHBTs. The leakage currentICEO from the gummel curves is≈ 1 nA atVcb = 0.3V.
The DC current gain of the transistor =Ic/Ib from the gummel curves is shown in
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Fig. 4.37. The HBT’s gain compression point is≈ 4 mA/µm2 at Vcb = 0V and 6
mA/µm2 at Vcb = 0.3V. At high current densities,VCB,i = V CB, applied − ICRc.
From the TLMs and the geometry of the transistor,Rc for this transistor is≈ 22 Ω.
At Ic ≈ 15mA,VCB,i = V CB, applied - 0.3V. The base collector junction is forward
biased tillVCB,applied is ≈ 0.3V. Shown in Fig. 4.38 areICEO andICBO. The
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Figure 4.35: DCIC − VCE characteristics

breakdown voltages are defined atIc = 1 mA. BVCEO = 5.6V andBVCBO = 6.9V.
For a fully epitaxial, standard mesa DHBT, the corresponding voltages areBVCEO =
5.5V andBVCBO = 6.8V atIc = 1mA. The resistance as seen in the emitter,Rex +
Rbb/β is derived from gummels and plotted as function of current density Fig. 4.39.
Rbb/β ≈ 1 Ω and thereforeRex ≈ 8 Ω. Also plotted in Fig. 4.39is the thermal
resistance,Θth · φ (also referred to asRth). The thermal resistance at 5mA/µm2 is
2.6 deg K/mW. The collector resistance is extracted from theIC−VCE characteristics
of the transistor at saturation, using the Fixedβ method and is plotted in Fig. 4.40.
The emitter resistance ,Rex ≈ 8 Ω, the collector resistance is determined to be≈ 22
Ω, consistent with the value calculated from TLM measurements. This is very high
compared to the value of 1Ω that is typically obtained and is due to the poor ohmic
contact toN++ InP. Contact resistivities as low as 7Ω · µm2 have been obtained
with ohmics toN++ InP. Therefore the ohmic contact process can be improved.
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The device DC current gain, ideality factors, and breakdown voltages are consistent
with those measured from the triple-mesa HBT equivalent [3].
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DC-45 GHz S-parameter measurements are carried out after performing an off
wafer Line-Reflect-Reflect-Match calibration on an Agilent 8510C network ana-
lyzer. On-wafer open and short circuit pad structures identical to the ones used
by the devices are measured after calibration in order to de-embed their associated
parasitics from the device measurements.fmax is determined from extrapolation
through a least-square-fit between the transfer function,

U(f) =
UDC

1 + UDC · (f/fmax)2
(4.7.0)

to the measured microwave gain U at measured frequencies. 1/fτ is the slope of
Im(1/h21) [26] and is shown in Fig. 4.41. This method is more exact than a least
square fit to,

|h21(f)|2 =
1

1/β2 + (f/fτ )2
(4.7.0)

From these,fmax ≈ 410 GHz andfτ ≈ 362 GHz. These are lower than the
standard, fully epitaxial, triple mesa DHBT. The base resistance is higher for these
DHBTs(45Ω vs. 35Ω), since these were grown at UCSB. Further, the collector
resistance is much higher (22Ω vs. 2Ω) due to the poor ohmic contact.

The capacitance voltage characteristics of the implanted subcollector DHBTs
with Fe atIc = 0 mA, are plotted and compared with the standard mesa equivalent
in Fig. 4.24 and those of the implanted subcollector DHBT without Fe from§4.4.
From the figure, The implanted subcollector DHBTs with Fe exhibit aCcb reduction
of ≈ 3 fF over the entire measured range of bias voltages due to elimination of
the charge dipole at the growth interface. At full depletion, this corresponds to a
25% decrease inCcb, which corresponds to the area of the base access pad. In
contrast, the implanted subcollector DHBT without Fe detailed in§4.4, exhibit the
same reduction only at very high bias voltages. The standard, fully epitaxial mesa
DHBTs have a larger collector base capacitance due toCcb,pad being present.Ccb,pad

is thus eliminated using the implanted subcollector DHBT process with Fe.AjBC =
1.3 × 5.25µm2 Apad = 2.5µm2. Ccb,pad is thus∼ 28% for this device.

The hybrid-pi model is extracted from the S-parameter and DC measurements.
The S-parameters used to obtain the model correspond to those obtained at peakfτ

andfmax which is atJe = 6.8mA/µm2 andVcb = 1.97 V. The hybrid-pi model atIc

= 19.1 mA andVcb = 1.97 V is shown in Fig. 4.44. The S -parameters of the actual
device and the model are shown to closely agree in Fig. 4.45.

DeviceDC7 does not have the base pad isolated and its CV profile is shown in
Fig. 4.46. The capacitance is the same for all three processes indicating that they are
equivalent, as far asCcb,pad is concerned. This is also further proof, that the decrease
in capacitance is indeed due to the base access pad being isolated and not a fictitious
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decrease due to variations in collector doping during growth, processing etc. For
this device,Aj,BC = 2.1× 5.25µm2, Apad = 2 µm2. This corresponds tôCcb ≈ 1.1
fF/µm2. Additional CV measurements of devices of different geometries shown in
Fig.??determine the effective base collector area contributing to capacitance. Using
Ĉcb ≈ 1 fF/µm2 from Fig. 4.46, Table 4.8 shows the measuredCcb at full depletion
for devices of various geometries and the effective pad area actually isolated, with
subcollector implant boundary as drawn in Fig. 4.1.
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The slightly lowerCcb reduction than expected, is due to longitudinal implant
straggle. ThusCcb in the extrinsic region can be reduced even further by optimiz-
ing the design of the subcollector implant boundary in the photo mask. The DC
results compare with the standard mesa DHBT and hence indicate the feasibility of
manufacturing microwave HBTs on the doubly implanted substrates. The RF re-
sults indicate thatCcb is reduced corresponding to isolation of base access pad by
implant, over the entire range of bias voltages. The interface charge dipole has been
suppressed by the compensating Fe implant. TheCcb reduction would be more sig-

Table 4.8: Effective base access pad area isolated. The% Ccb reduction expected is
in parenthesis

Device name Aj,BC Apad Ccb Apad Actual(expected)
on mask on mask at 1V isolated % reduction in totalCcb

(µm2) (µm2) (fF) (µm2) (%)

DC1 1.1×5.25 2.55 6.77 2.07 25(30)
DC3 1.5×5.25 2.15 9.06 1.66 17(21)
DC4 1.5×7.25 2.75 11.77 2.73 20(20)
DC5 1.2×5.25 2.6 7.29 2.15 24(29)
DC6 1.2×7.25 2.6 9.58 2.43 21(23)
DC7 1.6×7.25 2.8 12.18 3.13 22(19)
DC15 2.1×5.25 2.85 12.0 2.13 16(17)
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nificant for shorter length devices. The high collector contact resistance has resulted
in lowerfτ andfmax compared to [3]. The ohmic contact process can be fixed by re-
versing the order of the base and collector ohmics. This permits a high temperature
anneal for the collector ohmics reducing contact resistivity to≈ 25Ω · µm2.
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5
Implanted pedestal-subcollector DHBT

IN Chapter 4 , a technology is developed to eliminate the capacitance associated
with the base access pad. However, lateral scaling of the collector base junction

has not been achieved. In narrow mesa DHBTs shown in Fig.?? in Chapter 2 ,

Ccb ∝
Wcb

Tc
(5.0.1)

Rbb ∝ coth
Wcb

LT
(5.0.2)

whereLT is the ohmic transfer length limited by the ohmic contact top++ In0.53Ga0.47As.
Therefore any lateral scaling of the collector base area will result in a large increase
in base resistance and this is the single biggest challenge facing InP mesa DHBTs
today [1]. Furthermore, narrow base ohmic present a large access resistance and are
difficult to form. As described in Chapter 2 , independent definition of the collector
base junction becomes more important as HBTs are scaled. In this chapter, a novel
idea is proposed and developed wherein implantation alone is used to independently
scale the collector-base capacitance.

5.1 Various approaches to collector scaling

As described in Chapter 2Ccb scaling becomes important for future 250 nm
HBTs. From Fig.?? and Table 2.2, there is a large increase infmax, fτ and digital
logic speed when the collectors are scaled.

The transferred substrate HBT in Fig. 5.1a dramatically scales the collector base
capacitance. After base metal deposition, the wafer is planarized with BCB and then
bonded to a carrier substrate. The wafer is then flipped over and the InP substrate
is removed. A Schottky collector contact is then formed. Thus, the collector metal
defines the base collector junction. This process has yielded devices withfmax of
over a THz [2]. However, device yield was low due to the extreme complexity of the
process which makes it unsuitable for even medium scale ICs.
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A popular approach is to greatly undercut the collector as shown in Fig. 5.1b.
This cantilever like structure [4], is also susceptible to failures and is not used for
high yield ICs.

A variant to the transferred substrate process is the buried electrode process[3]
in Fig. 5.1c, where a W electrode defines the collector contact. The active devices
are grown over this, so that the W contact defines the base collector junction. This,
requires growth over the W metal which is complicated.
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Figure 5.1: Various approaches to collector scaling
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The narrow mesa HBTs manufactured today suffer from scaling challenges as
described in Chapter 2 . Ion implantation offers the possibility of selectively defin-
ing junctions while maintaining a planar process and is exploited in modern SiGe
HBTs [5]. One such process for collector scaling in InP HBTs, is the regrown col-
lector pedestal process [6] whose device structure is shown in Fig. 5.2. The process
starts with a template consisting of 200nm Undoped InP over 300 nmN++ InP sub-
collector. Si is selectively implanted to form anN+ pedestal as shown in the figure.
The drift collector, base, emitter layers are regrown and the device is formed. Thus,
the intrinsic portion of the device over the collector has a collector depletion thick-
ness defined by the thickness of the collector. In the extrinsic region, the depletion
thickness is larger due to the undoped InP layer. Thus, the extrinsic capacitance is
reduced, compared to mesa DHBT. The capacitances can be written as,

Ccb,int ∝
Wp

Tc
(5.1.0)

Ccb,ext ∝
Wbc − Wp

Tc + Tp
(5.1.0)

The regrown pedestal HBTs offer an alternative to the above complicated structures
for collector scaling. However they [6] have the following drawbacks,

• DHBTs reported in [6] suffer from a process-dependent charge at the regrowth
interface. Ap++ InGaAs compensation layer is proposed as a solution but as
seen in Chapter?? , this is not repeatable

• Two MBE growths are required, the first forming the sub-collector and pedestal,
and the second forming the active HBT layers

• The pedestal doping must be kept in the low 1×1018 cm−3 range to minimize
broadening of the pedestal through lateral straggle of the Si implant. This
increases the access resistance in the pedestal and adds to the collector resis-
tance

• These pedestal HBTs reduce, but do not eliminate the extrinsic base pad ca-
pacitance

• The collector contacts are offset from the collector by another 200 nm due to
the undoped InP layer. This worsens the planarity compared to a regular mesa
DHBT

An alternative idea is developed that addresses each of the above issues. This
process provides an Fe implanted extrinsic semi-insulating layer for increased de-
pletion depth in the extrinsic collector-base junction, a patterned buried subcollector
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formed by a deep Si implant and a collector pedestal created by a second Si implant.
In addition to the reduced extrinsicCcb, and compensation of charge at the epitaxial
growth interface, this provides the following enhancements: elimination ofCcb,pad, a
single MBE growth, possibility of higher doping in theN+ pedestal, increased wafer
planarity and hence potentially improved yield in the fabrication of large circuits.
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Figure 5.2: Pedestal HBT

134



CHAPTER 5. IMPLANTED PEDESTAL-SUBCOLLECTOR DHBT

5.2 Design of fully implanted pedestal-subcollector pro-
cess

The process flow of the basic, implanted subcollector HBT is shown in Fig. 5.3.
As before, alignment targets for stepper based lithography are defined on SI InP. The
substrate is then implanted with Fe to a depth of∼0.2µm at a doping of∼ 1×1019

( cm−3 Fig. 5.3a). The damage due to the implant is annealed out and the sample
is then selectively implanted, as in Fig. 5.3b, with Si at a very high energy (350
keV) so that the peak(at∼ 0.5µm) lies well below the Fe implant peak. This forms
a buriedN++ subcollector. AnN++ pedestal linking to the buried subcollector is
then formed by a second patterned selective Si implant. RaisedN++ pedestals for
the collector contacts are simultaneously realized (Fig. 5.3c). The sample is then
annealed at 800◦C to activate the Si dopants. As before, the active InP DHBT
layers, theN− drift collector, base, and emitter layers are grown by MBE. Devices
are formed by wet-etching the emitter and base mesas. HBT isolation does not
require a subcollector mesa etch decreasing the total HBT mesa height by 500 nm.
There are several advantages,

• The Fe implant forms a SI layer, equivalent to the undoped InP layer in the
regrown pedestal HBT, over theN++ subcollector. TheN++ subcollector is
also formed by ion implantation. Thus this fully implanted pedestal-subcollector
process requires no additional regrowth.

• The Fe implant automatically compensates the interface charge over a very
wide range of charge densities

• The buried subcollector does not extend beyond the length of the emitter, sim-
ilar to the implanted subcollector DHBTs with Fe. Thus the capacitance due
to the base access pad is eliminated.

• The high Fe doping in the SI layer∼ 5-8×1018 means that a high concentra-
tion of Si in the pedestal is permissible, since the straggle is now defined by
the lateral distance at which the pedestal doping falls below the background
Fe in the SI region.

• RaisedN++ pedestals are simultaneously realized for collector contacts. De-
vice isolation etch is not required due to the buried, isolatedN++ subcollector.
Thus the device planarity is better than a triple mesa DHBT by∼ 500 nm

• It is very modular and can be inserted into any modern InP mesa HBT process.
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( a )

( b )

( c )

( d )

Figure 5.3: Implanted pedestal-subcollector DHBT process
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Thus the fully implanted process, is an alternative to the regrown pedestal HBT
and provides several enhancements. The various challenges of the implanted pedestal-
subcollector process are,

• Low sheet resistance subcollector

• Formation of thick SI Fe implanted region

• Formation ofN++ pedestals with low resistivity and low lateral straggle

• crystalline, defect free semiconductor before growth

• excellent surface morphology, comparable to InP substrate, prior to growth

• defect free MBE growth⇒ DC characteristics similar to epitaxially grown
HBTs

Each issue is addressed in the subsequent sections.

5.2.1 Formation of buriedN++ subcollector

The Si implant forms the subcollector as in the implant subcollector process.
However, unlike the implanted subcollector DHBT, the main idea behind the im-
planted pedestal-subcollector DHBT is a deep Fe implant since it is used to com-
pensate≈ the top 0.2µm of the subcollector. As seen in Chapter 3 , it is not easy
to compensate very highN++ doping levels. Therefore, the Si implants should be
of very high energy so that the peak lies well below 0.2µm. This ensures that the
Gaussian distribution (of the implanted Si) tails to∼ 5×1018 cm−3, doping level at
which Fe is reported to successfully compensate theN+ doping. The highest com-
mercially available Si doping at 200◦C is 350 keV. Further, it is seen that increasing
the thickness of the SI region, is not beneficial as might be expected. The lateral
broadening due to implant straggle is, to first order,∼ Tp, the height of theN+

pedestal. IfTp is increased,Ccb,ext decreases due to larger extrinsic depletion depth,
but Ccb,int increases due to a wider effectiveN+ pedestal. Thus the two effects off-
set each other and for the minimum, optically resolvable implant mask dimension at
UCSB of∼ 0.5µm, it is seen thatCcb decrease is not significant beyondTp of 0.2
µm.

Fig. 5.4 shows the SIMS profile and the simulated TRIM distribution for the
implant conditions in Table 5.1 where Si and Fe are co-implanted. There is no
diffusion of the Fe and Si as implanted. However, the fluences were slightly off,
due to the poor calibration of the implant system. (This is not an artifact due to
charge-mass interference in SIMS since 29Si and 54Fe also yielded similar results).
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Table 5.1: Implant conditions for implanted pedestal-subcollector HBT process

Implant species Implant energy Implant fluence Offset angle Implant temperature

Si 350 KeV 5×1014 ions/cm2 7 ◦ 200◦ C

Fe 150 KeV 2.4×1014 ions/cm2 7 ◦ 200◦ C

Iions ≤ 50µA
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Figure 5.4: Distribution of Fe and Si from SIMS and simulated by TRIM

The shallow Fe implant in Chapter 4 is annealed at 700◦C for 5 min. The same
anneal conditions for Fe are employed here. This shown in§5.2.2 to anneal the
implant damage and activate the dopants. Fig. 5.5 shows the profile after such an
anneal. There is significant depletion of Fe atoms and a peak of Fe is formed at∼
0.14µm which isRp + ∆Rp. This is well observed in literature and is described in
Chapter 3 . As seen from the plots, the Fe concentration falls below the Si concen-
tration at a depth of∼ 0.16µm. Assuming 100% activation of Si and Fe,Tp ∼ 0.16
µm. While Tp = 0.2 µm is desirable, these were nevertheless chosen for the first
generation implanted pedestal-subcollector HBTs.

For these implant conditions, the sheet resistance is determined from Hall mea-
surements and is shown in Table 5.2. The negative Hall voltage indicates that the

Table 5.2: Hall measurements of resistivity and mobility for deep Si and Fe implant
Anneal temperature Anneal time Hall mobility Carrier density Sheet resistance

(◦C) (s) (cm2/V · s) (cm−2) (Ω/2)

700 300 -1194 -2.0×1014 25.8
700 600 -1224 -1.9×1014 26.2
725 600 -1189 -2.0×1014 25.7
750 300 -1236 -2.1×1014 24.5

carriers are electrons. The sheet resistance is nearly the same for all the various an-
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Figure 5.5: Distribution of Fe and Si after anneal

neals. However, 700◦C for 5 min gave rise to minimum defects due to the anneal.
From the above data and measured concentration profiles, the activation of Fe and
Si can be calculated. Assuming that the active Fe compensates Si upto 1632Å, and
integrating the Si concentration from this point,nSi= 6.5×1014 cm−2. From Hall
measurements,nSi,eff= 2.5×1014 cm−2. Therefore activation of Si is∼ 39%. The
active Si concentration at 1632̊A is therefore 3.8×1014 cm−3. Since one Fe atom
compensates one Si atom, minimum activation of Fe isNFe/NactiveSi at 1632Å =
41%.

5.2.2 Crystallinity

It is seen from Chapter 3 that 56Fe causes significant lattice damage. The
crystallinity is evaluated from Ion channeling(RBS) measurements. The defects are
quantified in terms of displacedIn atoms. If displacedIn fraction is 1, it is com-
pletely amorphous and if it is≤ 0.02, it is crystalline. Sample is completely amor-
phous in the top 1500-2000̊A suggesting that Fe is creating most of the damage and
that defects due to Si is much smaller. The In concentration in InP is 5.3×1022

atoms-cm−3 and from the displacedIn fraction in Fig. 5.7, the total number ofIn
atoms displaced can be determined. From the discussion on Fe implants in Chap-
ter 3 , it is seen that prolonged anneals at temperatures of∼ 700 - 750◦C are required
for damage removal and activation. Anneals at over 725◦C for prolonged periods
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Figure 5.6: Distribution of Active Fe and Si calculated from Hall and SIMS

gave rise to several In rich zones due to failure of theSixNy cap. The samples are
annealed at 700◦C for 5 min. and the crystallinity is checked using RBS. As seen in
Fig. 5.8 and Fig. 5.9, samples implanted with lower doses (≤ 2.4×1014 ions/cm2) of
Iron are completely recovered. There is surface damage where the implant fluence
of Iron is higher (1×1015 ions/cm2). The uncertainty forIn defect measurement is 1
to 2 %.
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5.2.3 Surface morphology

Fig. 5.10 show the surface scans for various conditions. As implanted with Si
and Fe, the surface is quite rough,∼ 18 nm. When annealed at 800◦C for 10 sec. the
surface roughness reduces to∼ 12 nm. As seen from the previous section and from
§3.1.3 in Chapter 3 , heavy acceptor elements in InP generally require prolonged
anneals at temperatures over 650◦C. AFM scans of this co-implanted substrate,
annealed at 700◦C for 5 min. indicates that the surface quality is comparable to
virgin SI InP in Fig.?? in Chapter 3 . This further validates the use of these annealing
conditions for Fe implant.

5.2.4 The Fe implanted extrinsic layer

The Fe layer serves to increase the depletion depth in the extrinsic portion of the
device under the base contact. Co-implantation of Si and Fe causes a difference in
activation as opposed to the case when

• Fe is implanted first and annealed

• Si is then implanted and annealed

When Fe is implanted first and activated they have occupyIn sites. The Si therefore
has less sites to occupy.
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RMS roughness ~ 0.5 nm
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RMS roughness ~ 1.8 nm

Figure 5.10: Surface scans of the Si and Fe co-implanted substrate
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The current flow mechanism of anN++-SI-N++ andp++- SI - N++ layer stacks
respectively is developed in [7]. The main purpose of the SI region is to decrease
the capacitance in the extrinsic region by increasing the distance between the two
charge dipoles in the base and subcollector. C-V measurements are used to check
the presence of an active SI layer and if present, the thickness of this region. For this
purpose, Schottky diodes are formed. The samples are non-selectively implanted
first with Fe at the implant conditions , annealed at 700◦C for 5 min. They are then
non-selectively implanted with Si and annealed at 800◦C for 30 sec. The implant
conditions are the same as in in§5.2.1. Schottky contacts are placed on the top SI
layer, while ohmic contacts are placed on theN++ subcollector. Fig. 5.12 shows the
schematic of such a structure.
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Fe implanted InP

 Si implanted N+ InP
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Figure 5.11: Sckottky diodes on Fe and Si implanted substrate

The contacts placed on theN++ regions are verified to be ohmic by checking
the I-V characteristics (Fig. 5.13). Similarly the contacts on the top surface, im-
planted with Fe are verified to be Schottky by measuring the I-V characteristics of
this SI-N++ diode. Fig. 5.14 also shows the Schottky diode characteristics of such a
structure on a fully epitaxial structure (0.2µm UID /0.3µm N++ InP), which is the
starting template in a regrown pedestal HBT process. The forward characteristics
of the Schottky diode on the fully implanted structure indicates a very highturn on
voltage. From the theory of transport in a SI region, the current increases sharply
once the Trap Filled Voltage Limit is reached. FromFig. 5.14, VTFL is ∼ 2 V. In the
case of a Schottky diode on the epitaxial template, the theory of transport is similar
to a forward biased Schottky junction and the current sharply increases at∼ 0.3 V.
In the reverse bias case, te situation is quite different. The depletion region thickness
at zero bias for the Schottky diodes on 0.2µm UID /0.3µm N++ InP is≈ thickness
of the UID region = 0.2µm. The reverse diode current characteristics are dominated
by the thermal generation in the intrinsic region. The breakdown is expected to be
large in this case, due to the wideband gap of InP and the large depletion thickness.
The thickness of the space charge region for the SI-N++ junction is calculated from
the active Fe and Si doping profiles obtained in the previous case.

xA =

√
2φbi

qNA

(5.2.0)

where,NA is the active Fe concentration in the SI region,φbi is the built-in potential
of the SI-N++ junction. SinceEFp of the SI region∼ EA andEFn of N++ InP
∼ Ec, φbi ∼ 0.7 eV. Assuming uniformNA ∼ 1×1018 cm−3 and ND ∼ 1×1019

cm−3, xA = 88 Å. Due to the small depletion region, the breakdown mechanism is
possibly dominated by tunneling currents which could explain the dramatic increase
in current at∼ 1.5 V. The C-V characteristics in Fig. 5.15 of such the Schottky
diodes indicate that there is a thick SI region. From the capacitance at zero bias,
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the thickness of the SI region is deduced to be∼ 177 nm. xdep ∼ 200 nm for the
Schottky diode on the epitaxial UID InP/N++ InP, as expected since the thickness
of the UID InP region as grown is 200 nm. The capacitance is fairly flat with voltage
indicating that beyond the depletion thickness, the region is fairlyN++, such that
the depletion region does not shift much with bias. Fig. 5.16 compares the C-V
characteristics of two cases

• Fe is implanted and activated first followed by Si implant and activation

• Fe and Si are co-implanted and activated together

The depletion thickness is lower in the case when Si and Fe are co-implanted and
activated together. This is possibly due to Si and Fe competing for the same In sites
between 160 - 180 nm when Si and Fe concentrations are comparable, resulting in
lower active Fe concentration, decreasing the thickness of the SI region.

Fe implanted InP

 Si implanted N+ InP

 SI InP

Schottky

Ohmic 0.35 µm

Figure 5.12: Sckottky diodes on Fe and Si implanted substrate
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Table 5.3: Implant conditions for formation ofN++ pedestal

Implant species Implant energy Implant fluence Offset angle Implant temperature

Si 100 KeV 5×1014 ions/cm2 7 ◦ 200◦ C

30 KeV 8×1013 ions/cm2

10 KeV 4×1013 ions/cm2

Iions ≤ 10µA

5.2.5 Formation ofN++ pedestal

In §5.2.1, the active Fe and Si concentrations are computed. The pedestal doping
needs to overwhelm the Fe concentration. Si is implanted at the conditions given in
Table 5.3 in a substrate where Fe has been implanted and activated.

After annealing at 800◦C for 30 sec., Hall measurements indicate that the sheet
resistance is∼38 Ω/2 and forTp ∼ 180 nm, resistivity of the pedestal is∼ 6.5
Ω · µm. When both the pedestal and subcollector are present, the sheet resistance of
the combined stack is∼ 17 Ω/2 andnSi = 4.7×1014 cm−2 and the mobility is 800
cm2/V · s. Fig. 5.17 shows the concentration of Si and Fe after all three implants
and anneals. With the chosen implant conditions, Si overwhelms the Fe peak.
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Figure 5.17: Concentration of Si and Fe after all three implants

It is seen that an anneal of 700◦C for 5 min. is required for Fe activation and
damage removal. Good activation of Si is obtained only after annealing at 800◦C.
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Figure 5.18: Crystallinity after all implants and dry etch

Since there are two Si implants, one for the subcollector and one for the pedestal,
the question arises if two separate anneals are required to activate the Si dopants.
It is seen that the TiW alignment marks does not hold up to two anneals at 800◦C.
Fig. 5.18 shows the defect density after all three implants. The implant conditions for
the Fe and Si subcollector implant are the same as in§5.2.1 and the above conditions
are used for the Si pedestal implant. After the Fe implant, the sample is annealed
at 700◦C for 5 min. Si is implanted for the subcollector and then the Si pedestal
implant is carried out. Both the implants are annealed together at 800◦C for 30
sec. Fig. 5.18 shows that the defect density is within the noise of the measurements,
indicating crystallinity of the InP substrate after 3 implants and 1 anneal for Fe and
1 common anneal for Si. Since these are identical implants, at different depths,
a single anneal does not yield significantly different results for resistivities for the
various layers. Fig. 5.18 shows the defect density after implants and also 3 dry
etches; for the alignment targets, subcollector implant window, and pedestal implant
window.

Lateral straggle due to the pedestal implant

As defined in Chapter 3 , the straggle is defined as the point when the active,
lateral Si concentration falls below the background Fe doping. In the case of SI
InP substrate, the active Fe doping is between 5×1016 cm−3 and 9×1016 cm−3.
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Therefore the lateral straggle is appreciable. The thick SI region over theN++

subcollector is formed by Fe implant, and has an active Fe concentration of 5×1018

cm−3. Fig. ?? is a plot of the lateral straggle calculated fromTRIM. The pedestal
doping is seen from Fig. 5.17to be∼ 2×1019 cm−3 and uniform Fe doping of 5×1018

cm−3 is assumed. The lateral spread is∼0.12µm when the Si concentration falls
below the active Fe doping assumed to be∼ 5×1018 cm−3. This is not an exact
solution since the Fe doping itself varies with distance. The exact calculation can be
performed; however,TRIMprofile of Fe implant has to be relied upon. From§5.2.1,
the TRIM calculation is not representative of the Fe profile due to the diffusion of
Fe during anneal. For this calculation theTRIM profile of Fe is assumed, with 40%
activation of these Fe acceptors. In this case, the lateral straggle can be calculated
as the lateral distance(z) at which

nSi(x, z)exp(−z2/2π∆R2
z) = nFe(x, z) (5.2.0)

where∆Rz is the lateral spread of the 100 KeV Si implant calculated fromTRIM
to be 577Å. The lower energy implants are assumed to contribute insignificantly to
this straggle. Fig. 5.20 shows the lateral straggle distancez which is∼ 0.25µm.

0 500 1000 1500 2000
10

17

10
18

10
19

10
20

Lateral spread of Si pedestal

Background active Fe doping

Lateral distance (Angstrom)

S
i a

n
d

 F
e

 in
 t

h
e

 p
e

d
e

st
a

l (
 c

m
-3

)

0.12 µm

Figure 5.19: Lateral spread in the pedestal due to implant, assuming 2×1019cm−3

doping at the mask edge. The lateral straggle is defined as the point when the Si
concentration falls below the active Fe doping∼ 5×1018

The resistive straggle can be measured using specialdog-boneTLM structures
shown in Fig. 5.21. The spacing between the ohmic regions and the width of the
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Figure 5.20: Lateral spread in the pedestal due to 100 KeV Si implant. The lateral
straggle is defined as the point when the Si concentration falls the active Fe doping
calculated fromTRIMwith Fe activation assumed to be 40%

TLMs are varied. The width of the TLM should be comparable to the straggle, which
renders standard TLMs for measuring contact and sheet resistivities useless for this
purpose. The wafer is first implanted with Fe and annealed and then the pedestal Si
implant is carried out selectively in the shaded regions shown in Fig. 5.21. Standard
TLMs can measure, the sheet resistance and contact resistivity. The measured resis-
tance for each TLM (of widthsw1, w2 ...) is plotted vs. the TLM spacingx and the
slopemstr is calculated. The lateral resistive straggle is then calculated as follows

Rsh = mstr · (w + ∆w) (5.2.0)

wherew is the width of the TLM. PlottingRsh

mstr
vs. the variation in TLM width

as drawn on the maskw, ∆w can be obtained. This is the lateral resistive straggle
shown in Fig. 5.22. Note, the resistive lateral straggle also includes the effects of
widening of theSixNy implant mask during processing. Fig. 5.22 shows the resistive
straggle of the Si pedestal implanted in an already Fe implanted substrate. The
resistive straggle,∆w ∼ 0.1 µm, which means that the implant widens by 50 nm
on either side of the implant mask. However, it should be pointed out that resistive
straggle is a pessimistic calculation and the capacitive straggle is more relevant.
When the doping falls from 1×1019 at the implant mask edge to say, 5×1018 cm−3

at some distance∆wR, the resistance increases ten-fold. The overall resistance is
thus determined by the region of high doping. A 1×1019 cm−3 is much larger than
the doping in the drift collector. The capacitive straggle should be defined as the
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point when the doping falls to 10% of the collector doping or the point at which
lateral Si concentration falls below the active Fe doping, whichever is lower.

w1

w2

w3
x1 x2 x3

Si implant

Ohmic 
pad

Figure 5.21: Straggle TLMs with varying spacingx, and widthw– the shaded re-
gions are implanted with Si, and ohmic contacts are formed over these
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Table 5.4: Contact and sheet resistivities

Sheet resistanceContact resistivity Horizontal resistance

Ω/2 Ω · µm2 Ω · µm

Emitter 28 < 1 3

Base 1300 < 3 < 50

Collector 24-26 3000 350

Pd/Ti/Pd/Au contacts for all layers

5.3 Large area device results

The RBS data in Fig. 5.18 is encouraging proof that good quality crystalline
growth is feasible on this triple implanted substrate. Similar to the growth for im-
planted subcollector DHBTs, the drift collector, base and emitter are grown with
the same layer structure as in Table 4.5. There is no pedestal layer, therefore this
large area device is representative of the transistor in the extrinsic region under the
base ohmic. The collector contact is formed by etching down∼ 0.3µm to place the
contact pads onN++ Si implanted subcollector. The sheet resistance of the collec-
tor, base and emitter of these devices in Table 5.4 are very similar to fully epitaxial
layers grown at UCSB. Also excellent growth morphology is observed (not shown).
The large area DC results are shown in Fig. 5.23. These indicate that there is no gain
in this transistor due to current blocking by the SI region below the drift collector.
Only at very high collector base biases, does current start to flow as also evident
from the diode leakage in Fig. 5.24. The Gummels in Fig. 5.23a show that there
is no current gain whenVcb =0V and i

¯
s∼ 1 whenVcb =1V. The CV measurements

in Fig. 5.25 indicate that the capacitance at zero bias is 0.5fF/µm2. The capac-
itance of a fully epitaxial HBT with identical layer structure but epitaxially grown
300 nmN++ subcollector is also shown and is∼ 1.1 fF/µm2. Thus there is a
55% decrease in capacitance due to the SI region at zero bias. This corresponds to
a depletion thickness of 220 nm, or a thickness of the SI region of∼ 120 nm. The
capacitance measurements beyond 0.5 V for the DHBT grown on the Fe and Si im-
planted substrate were clouded by high parallel conductance and is not shown. The
offset voltage is higher since higherVcb is required to remove the current blocking
due to Fe. The high knee voltage is due to the large resistance in the SI Fe implanted
region. From Fig. 5.26, theVcb is over 1V only whenVcb is over 2V. A largeVcb is
needed for the base collector junction of this device to be not forward biased. This
explains the large offset and knee voltages
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5.4 Device results - Implanted pedestal-subcollector
DHBT

Large area devices have shown low leakage and excellent DC characteristics.
Small area devices were processed with the identical layer structure shown in Ta-
ble 4.5. The process has already been described in§4.4.1 and§5.2.

The TLM measurements of the collector and, of the pinched and non-pinched
base TLMs are given in Fig. 5.29. The collector TLM structures is shown in Fig. 5.28.
Thus the contact resistance measured is due to the ohmic contact and the resistance
in the pedestal. This resistance from the TLMs is measured to be very high≈ 160-
210 Ω · µm2. This is partially due to the poor collector ohmic contact. The sheet
resistance of the implantedN++ subcollector is∼ 21-22Ω/2. The base sheet resis-
tance is∼ 600Ω/2, and the base contact resistivity is∼ 25Ω · µm2. The Isolation
between ohmic pads separated by 10µm is xx pA/µm as seen in Fig.??. For the

Subcollector

Fe

Semi Insulating InP substrate

Fe

N++ implanted InP subcollector

x1

N+ implanted 

InP pedestal

x2

Figure 5.28: Collector TLM structure for the implanted pedestal subcollector DHBT

device withAjBE = 0.65× 4.3µm2, AE = 0.7× 5.25µm2 and active base collector
area 1.3× 5.25µm2, Fig. 5.30 is a plot of the DCIC − VCE characteristics. The
maximum current gain atVcb =0 is ∼35. The Gummel curves are plotted forVcb

=0V andVcb =0.3V Fig. 5.31. The collector and base ideality factors areηc = 1.26
andηb = 1.77. The leakage currentICEO from the gummel curves is≈ 1 nA atVcb =
0.3V. The DC current gain of the transistor =Ic/Ib from the gummel curves is shown
in Fig. ??. The HBT’s gain compression point is≈ 4 mA/µm2 at Vcb = 0V and 5
mA/µm2 at Vcb = 0.3V. At high current densities,VCB,i = V CB, applied − ICRc.
From the TLMs and the geometry of the transistor,Rc for this transistor should be
≈ 11Ω. At Ic ≈ 15mA,VCB,i = V CB, applied - 0.3V. The base collector junction
is forward biased tillVCB,applied is≈ 0.3V. The collector resistance is extracted from
theIC −VCE characteristics of the transistor at saturation, using the Fixedβ method
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Figure 5.29: Base and Collector TLM measurements

and is plotted in Fig.??. The emitter resistance,Rex ≈ 4 Ω (from Fig. 5.35, the col-
lector resistance is determined to be≈ 32-34Ω, consistent with the value calculated
from TLM measurements. This is very high compared to the value of 1-3Ω that is
typically obtained and is partly due to the poor ohmic contact toN++ InP.

The resistance as seen in the emitter,Rex + Rbb/β is derived from gummels and
plotted as function of current density Fig. 5.35. From TLM’s measured,Rbb/β ≈ 1
Ω and thereforeRex ≈ 4 Ω. Also plotted in Fig.??is the thermal resistance,Θth · φ
(also referred to asRth). The thermal-electric feedback coefficientφ from [8], is
0.85 mV/◦ K at 5 mA/µm2. The thermal resistance at 5mA/µm2 is therefore 2.7
◦ K/mW, . Shown in Fig. 5.36 areICEO andICBO of a triple mesa DHBT and an
implanted pedestal-subcollector DHBT. The breakdown voltages are defined atIc

= 1 mA. BVCEO = 6.8V andBVCBO = 7.6V. For a fully epitaxial, standard mesa
DHBT, the corresponding voltages areBVCEO = 5.5V andBVCBO = 6.8V atIc =
1mA. The breakdown enhancement in these implanted pedestal-subcollector devices
is due to lower surface breakdown due to suppression of surface states. The safe
operating area is a more relevant than breakdown voltage for digital logic circuits
and is seen in Fig. 5.37. The maximum operating power density is seen to be∼ 15
mW/µm2.
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DC-45 GHz S-parameter measurements are carried out after performing an off
wafer Line-Reflect-Reflect-Match calibration on an Agilent 8510C network ana-
lyzer. On-wafer open and short circuit pad structures identical to the ones used
by the devices are measured after calibration in order to de-embed their associated
parasitics from the device measurements.fmax is determined from extrapolation
through a least-square-fit between the transfer function,

U(f) =
UDC

1 + UDC · (f/fmax)2
(5.4.0)

to the measured microwave gain U at measured frequencies. 1/fτ is the slope of
Im(1/h21) as explained in Chapter 4 . A maximum 352 GHzfτ and 403 GHzfmax
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Figure 5.38: Microwave gains of Si implanted subcollector DHBTs

is demonstrated atIc = 14 mA andVcb = 1.96 V (Je = 5 mA/µm2, Ccb/Ic = 0.43
ps/V). These are lower than the standard, fully epitaxial, triple mesa DHBT. The
collector resistance is much higher (32Ω vs. 2Ω).
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The capacitance voltage characteristics of the implanted subcollector DHBTs
with Fe atIc = 0 mA, are plotted and compared with the standard mesa equivalent
in Fig. 5.39. From the figure, The implanted subcollector DHBTs with Fe exhibit
a Ccb reduction of≈ 3.2 fF over the entire measured range of bias voltages due
to elimination of the charge dipole at the growth interface. At full depletion, this
corresponds to a 25-27% decrease inCcb. This is lower than expected reduction in
Ccb and is attributed to lateral implant straggle. Here,AjBC = 1.3×5.25µm2 Apad =
2.5µm2. The pedestal stripe as defined on the photo mask is0.9 × 5.25 µm2. The
length of the subcollector as defined on the photo mask is 5.25µm. The voltage drop
Ic × Rc is significant and the collector potential must be progressively increased
asIc, to fully deplete the drift collector. The lowerfτ andfmax demonstrated by
the implanted HBTs compared to their triple-mesa counterpart is due mostly to the
increased delay associated with the terms kT/qIc (Ccb + Cje) andRc Ccb. Fig. 5.41
showsCcb/Ic as a function of bias.Ccb/Ic is an important metric for digital logic
circuits.
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Figure 5.39: Variation ofCcb with Ccb atIc = 0 mA for a mesa HBT and the pedestal
HBT

The slightly lowerCcb reduction than expected, is due to lateral and longitudinal
implant straggle. The DC results compare with the standard mesa DHBT and hence
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indicate the feasibility of manufacturing microwave HBTs on the triple implanted
substrates. The high collector contact resistance has resulted in lowerfτ andfmax

compared to [9].
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5.5 Discussion

These first generation fully implanted pedestal-subcollector DHBTs have record
bandwidths for implanted collector DHBTs. However, they suffer from some prob-
lems

• Large collector resistance

• less than expectedCcb reduction

These issues will be discussed in the following sections and solutions suggested

5.5.1 Pedestal vertical height and lateral straggle

In order to evaluate the height of the pedestal, C-V measurements are carried out
on devices with noN++ pedestal implant. These have theN− collector directly atop
the SI Fe implanted region and therefore resembles the extrinsic portion of the de-
vice, Ĉcb = 0.54fF/µm2. This is compared with a device, where theN++ pedestal
and subcollector extends throughout the device so that it resembles a mesa structure.
Ĉcb for this mesa-like device is 1.1fF/µm2 and theτc = 120 nm. Therefore the
height of the pedestal is deduced to be∼ 120 nm.

At full depletion,Ccb is measured as for various devices with different pedestal
geometries and plotted as function of pedestal width to determine the lateral pedestal
straggle.

Ccb

ε/Tc

· 1

Le

= 0.5 · (WBC + Wp) + ∆Wp (5.5.0)

where∆Wp is the capacitive lateral straggle on each side of the pedestal. This nor-
malized capacitance is plotted vs.Wp and is shown in Fig. 5.43. From this, the
straggle on either side is∼ 0.2 µm and is responsible for the less than anticipated
reduction inCcb. This calculation ignores the longitudinal straggle due to the sub-
collector implant.

The simplest way to address the straggling problem is to reduce the dimension
of the mask. However, less than 0.5µm features are hard to define using the optical
stepper system atUCSB. Therefore one method of reducing theSixNy implant mask
dimensions is shown in Fig. 5.44. However, the resistive straggle is seen to be∼
0.05µm. Therefore reducing the mask dimension laterally, reduces the capacitance
but adds to the vertical pedestal resistance. SIMS data on a test wafer, shows no
diffusion of the Fe after growth.
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5.5.2 Excess Collector Resistance
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Figure 5.46: Reverse collector ohmic process

As with the implanted subcollector DHBTs, these DHBTs too suffer from poor
collector contact resistance due to insufficient anneal. A new process is proposed,
where the collector metal is deposited by recess etching through the base and col-
lector layers. The collector metal does not perfectly fill this recess but instead re-
sembles Fig. 5.46a. When the base mesa is etched, the semiconductor next to the
collector contact is etched as well, as seen in Fig. 5.46b. However, this does not
in any way impact the implanted pedestal-subcollector DHBT as the semiconduc-
tor etched away is Fe implanted InP layer. Therefore the reverse collector ohmic
process is feasible for implanted pedestal subcollector DHBTs even with the current
photo masks by merely reversing the deposition of the base and collector ohmics.
This now permits a much higher anneal for the collector ohmic, reducing the contact
resistivity to 20-25Ω · µm2.

From §5.4, it is seen that the calculatedRc from TLMs is 11Ω. This does not
explain the very high resistance seen in the devices of∼ 32Ω. Several devices were
measured and the excessRc values tabulated in Fig. 5.47.

These suggest that the excess resistance is due to the pedestal itself. Special
test structures were placed on another wafer implanted similarly. The pedestal TLM
is a special test structure (Fig. 5.48), where only the Si pedestal implant is carried
out in a background of Fe already implanted and activated. From these, the sheet
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Figure 5.47: Excess Collector resistance of devices of various geometry

resistance of the pedestal is deduced to be∼ 38 Ω/2, exactly as measured earlier.
The vertical contact resistance is now entirely due to the ohmic contact and is seen
to be∼ 25Ω · µm2. The pedestal-subcollector TLM in Fig. 5.48 measures a contact
resistivity of 60Ω ·µm2. Since the pedestal resistivity is low, this means that there is
a resistance of 35Ω · µm2 at the interface between the pedestal and the subcollector.

2538
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Figure 5.48: Special test structures to find the source of excessRc

This is attributed to the large Fe pile up seen in§5.2.1. TheRc is not due to
the narrow pedestal dimensions but instead due to insufficient Si at the region of Fe
pileup. This is evident from the common emitter IVs of two devices in Fig. 5.49,
one with a narrow pedestal and one where the pedestal and subcollector are present
over the entire device footprint.

As discussed in Chapter 3 , the Fe preferentially piles up in the region of most
damage. RBS does not detect defects below∼ 1×1020 cm−3. This is still a large
number of defects. e implant is performed at a lower dose (1×1014 ions/cm2) and
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Figure 5.49: SIMS of the HBT layer stack after growth on implanted layers. There
is no pedestal implant here

lower energy (100 keV) to check if there is a dose dependence of such damage.
There is no evidence of Fe pile up at these implant conditions. CV measurements on
Schottky diodes are performed to check the thickness of the Fe compensated layer
for these conditions. This is shown in Fig. 5.51

While these first generation HBTs suffered from certain problems, it is shown
that these can be resolved.
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6
Conclusions

IMPLANTED subcollector and pedestal DHBTs were demonstrated for the first
time in an all implanted, manufacturable process. Record bandwidths for DHBTs

with implanted collectors have been demonstrated. These were incorporated in high
speed CML and ECL logic circuits that have demonstrated over 20% improvement
in digital logic speed over conventional mesa DHBTs.

6.1 Accomplishments

As the current mesa InP DHBT is reaching its scaling limit, new process modules
were characterized and added to further the limits of such devices [1]. The parasitic
collector base capacitance is especially an important hurdle for high bandwidth ana-
log circuits and high speed digital circuits. A manufacturable technology that enable
submicron collector scaling of InP HBTs utilizing ion implantation is proposed and
developed. For this purpose, Si and Fe implants in InP are extensively studied and
characterized. With the lithographic dimensions feasible today, the device design
has been tailored for high speed digital circuit performance.

Modern mesa DHBTs have an extrinsic access pad that contributes significantly
to the collector base capacitance. This capacitance is non-scalable and becomes
important as device length is reduced. A selectively implanted Si subcollector is
suggested in Chapter 4 to eliminate this base access pad capacitance. However, de-
vices fabricated did not show any reduction in collector base capacitance at low bias
voltages due tp the presence of an N-type interface charge at the growth surface.
A new method of eliminating this interface charge using Fe implants is proposed
and demonstrated to work effectively over a wide range of charge densities [2]. Im-
planted subcollector DHBTs utilizing selective Si implants for isolation of the sub-
collector and Fe implants for eliminating the interface charge are developed. These
devices is shown to almost completely eliminate this base access pad capacitance
and have cut-off frequencies in excess of 350 GHz [3]. This technology enables for
low power, high speed digital circuits. The bandwidth of the devices are limited by
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the excessive base and collector resistance due to poor ohmic contacts. Improving
the ohmic technology should yield superior, high speed devices in a simple process.

Further collector scaling is made possible through a novel fully implanted pedestal-
subcollector technology described in Chapter 5 . An implanted, buried subcollector
is formed in SI InP substrate by high energy Si implants. Fe is used to compensate
the top 0.2µm of Si to make this region Semi-Insulating. An additional set of Si im-
plants then form anN++ pedestal link to the subcollector. Such a topology requires
no extra growths and is very planar. By tailoring the width of the pedestal, the col-
lector can be scaled independent of the base mesa dimensions. Several experiments
and measurements are carried out to completely characterize this device structure.
The sheet resistance of the subcollector and pedestal are designed to be low, so as
to not hurt the collector resistance. The implant and anneal conditions are devel-
oped to result in a crystalline semiconductor before growth. Standard mesa devices
can then be fabricated after growth. Thus this process is very modular. Microwave
devices fabricated, demonstratedfτ ’s of over 350 GHz andfmax of over 400 GHz
[4]. The breakdown voltages are higher than triple mesa DHBTs due to lower ac-
tive surface states. TheCcb reduction was∼ 30 %. The large collector resistance
and lateral straggle due to the pedestal implant has limited the performance of this
device. The collector resistance is higher than a standard mesa DHBT, partly due
to a poor ohmic contact and partly due to Fe piling up at the interface between the
pedestal and the subcollector, causing a vertical resistance at this interface. This is
due to the large implant dose of Fe. This has been solved by using a lower fluence of
Fe where no such pile-up in observed (§5.5 in Chapter 5 ). The lateral straggle can
be solved by reducing the dimensions of the implant mask, as discussed in§5.5 in
Chapter 5 . With these two modifications, cut off frequencies in excess of 500 GHz
are expected, at the current scaling node. As devices are laterally and vertically
scaled,Ccb contributes increasingly to delay of analog and digital circuits. Such a
technology should enableCcb reduction in an elegant, high yield process.

Digital latches were fabricated using a similar collector pedestal process at Rock-
well Scientific. These devices had cut-off frequencies of∼ 350 GHz. Low power
CML dividers having∆Vlogic is 250 mV and effective loading resistance of 100Ω –
Idata = 2.5 mA, are demonstrated [5]. The divider operation is fully static, operating
from fclock = 4 GHz to 61.2 GHz while dissipating 27.1 mW of power in the flip-
flop from a single -2.30 V supply. The power-delay product of this circuit is 113.0
fJ/latch. This is a record low power-delay product for an InP DHBT-based static
frequency divider. Without the implanted collector technology, dividers in a regular
mesa DHBT process clocked at a maximum of 51 GHz while consuming 29.2 mW
of power. Thus a 20% improvement in logic speed is achieved. Ultra high speed
CML logic circuits have also been demonstrated. With the collector pedestal tech-
nology, the maximumfclock is ∼ 135 GHz, while dividers in the triple mesa process
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clocked at a maximum of 110 GHz. Initial testing of ECL static frequency dividers
show promising results, with self oscillation frequencies in excess of 95 GHz, a 10
% improvement over the fastest logic circuits demonstrated [6]. These results have
been obtained with first generation DHBTs with collector pedestals with the pro-
cess still at its infancy. Very high bandwidth power amplifiers at over 300 GHz and
digital circuits clocking at 200 GHz are feasible even in the near future.

6.2 Future work

The first demonstration of these implanted collector yielded devices with record
bandwidths. However, the full potential of this process is limited by

• Large straggle due to pedestal implant

• Large vertical resistance in the pedestal collector due to Fe pileup

• Poor ohmic contacts toN++ InP

As discussed in§5.5, the contact resistivity to theN++ InP collector can be reduced
by forming the alloyed collector ohmics before the base metal deposition, allowing
a very high temperature anneal. The Fe pile-up is shown to be decreased at lower
implant doses of Fe, while the pedestal implant mask can be redesigned to overcome
the lateral implant straggle. By carefully choosing the implant doses of Fe and Si
pedestal implant, these problems is shown to be overcome. Simulations predict
device bandwidth in excess of 500 GHz with these enhancements.

The triple implanted pedestal subcollector process is very modular and can be in-
serted into many HBT technologies. Regrown HBTs have been demonstrated with
0.3µm emitter features [7]. As seen in Chapter 2 , the emitter resistance also needs to
be reduced with scaling generations. Utilizing very thin collectors and base layers,
the implanted collector processes can be combined with emitter regrowth, to de-
crease the transit times and RC charging time constants. Initial simulations predict
devices withfmax close to 800 GHz (Chapter 2 ). The emitter resistance is limited
by the contact resistivity of the ohmic contact.InsituMBE deposited ErAs is known
to form a perfect ohmic to InGaAs [8]. The implanted collector process can again
inserted into a process utilizing ErAs ohmics for the emitter. All three processes can
also be combined to yield HBTs with cut-off frequencies in excess of a THz and
digital logic circuits clocking at over 300 GHz.

As seen in Chapter 5 , the Fe compensation of Si implant results in effective
blocking of current till∼ 2V. This suggests a restructuring of the HBT, to form a
collector-up HBT such that Fe implant is used for emitter scaling, as seen in Fig.??.
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A N−/N++ template is grown and Fe is selectively implanted through theN− emit-
ter. Taking advantage of the lateral straggle of this implant, narrow emitter base
junctions can be defined. The base and collector are then grown, and the device is
formed in a similar triple mesa process as in [6]. The collector base junction is now
very narrow and there is zero extrinsic capacitance. The emitter resistance is now a
lateral resistance. TheN++ emitter can be made thick to reduce the lateral access
resistance in the semiconductor. This hurts device planarity, however, trench isola-
tion techniques can be developed as in Fig. 6.2. The emitter resistance is, to first
order, independent of the emitter base junction area.

Ccb ∝
LeWc

Tc

(6.2.1)

Rex ∝ ρc

Le
(6.2.2)

Hence, devices can be laterally scaled without significantly affecting the emitter
resistance. This is particularly useful for high speed digital logic circuits.

With such enhancements described above, InP HBTs are poised to break the 1
THz barrier. These ultra high speed devices may find applications in high band-
width communication links and sensing operations. The majority of the applications
will remain unforeseen. Indeed,the principal applications of any sufficiently new
and innovative technology have always been applications that were created by that
technology[9].
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A
Implantation Analysis

SEVERAL techniques exist to evaluate the implants. Various parameters relating
to the implant need to be determined.
• Spatial distribution of the implanted ions to determine exact ion range and ion

diffusion

• Crystallinity or defect density in the material due to the implant

• Surface quality of the implanted substrate

• Electrical properties, such as carrier mobility, sheet charge concentration, re-
sistivity

• Substitutionality of the implanted dopants

Secondary Ion Mass spectrometry(SIMS)[1] is the preferred technique to evaluate
depth profiles of the implanted ions and is used here to evaluate Si and Fe distri-
butions in InP. During SIMS analysis, the sample surface is slowly sputtered away
by bombarding with primary ions. The sputtering process produces secondary ions
of the constituent elements of the substrate with a range of (translational) kinetic
energies. Monitoring the secondary ion count rate of selected elements as a function
of time leads to depth profiles. The analysis usually usesCs+ or O− primary ions.
The mass spectra of the secondary ions, obtained by continuously monitoring the
ion signal while scanning a range of mass-to-charge (m/z) ratios, detects and distin-
guishes both atomic and molecular ions. The depth resolution of SIMS is between 2
- 30 nm. Mass interferences occur whenever another ion has the same nominal mass
as the analyzed ion. Such interferences are called isobaric. During the analysis of
iron in silicon for example, 28Si2+ interferes because it has the same mass-charge
as as 56Fe+. In this case isotopes such as 29Si or 54Fe are detected and scaled us-
ing the corresponding sensitivity factors. SIMS is a destructive technique due to the
sputtering away of the constituent elements.
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Figure A.1: The conditions used for SIMS in this dissertation

To evaluate the damage or crystallinity, various methods are used such as Ruther-
ford Backscattering spectrometry (RBS), Transmission Electron Microscopy (TEM),
X-Ray Diffraction (XRD) and Photoluminescence spectra (PLs). Only RBS is dis-
cussed here since this is primarily used for evaluating crystal quality. Rutherford
backscattering [2] detects the energies and amount of the backscattered ions from a
solid target. Ion channeling is a specific application of RBS in which the absence of
backscattering signal is quantified. In an ion backscattering application, alignment
of the incident beam with a major crystallographic axis will allow the incident ions
to be channeled down the open regions of the crystal lattice. For a channeled ori-
entation, the incident ions can be transported to very great depths (≥ 3-5 µm) from
which backscattering events cannot be detected. If the crystal lattice contains either
matrix or impurity atoms which are not in the crystal structure, that is, interstitial
in the crystal structure, backscattering events can quantify the concentration of in-
terstitial atoms (in units of atoms/cm2). Thus, range and extent of damage from ion
implantation, degree of crystal regrowth upon annealing, and the degree of impurity
substitutionality/interstitiality can all be quantified in an ion channeling experiment.
Here channeled and rotating random RBS spectra are acquired at detector angles of
160◦ and 100◦ from the forward trajectory of the incident He ion beam. The different
depth resolution and backscattering kinematics afforded by the use of two different
angles improve the accuracy of the measurements. The grazing detector spectra
are sensitive to the surface layers of the crystal and provide more precise damage
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depths. When the sample is moved in a rotating random orientation, the sample
normal is precessed about the incident ion-beam. The backscattering spectrum from
this orientation is representative of a spectrum from a polycrystalline sample and
is normalizable as the signal for 100% amorphization at all depths. The channeled
spectra can then be compared to the rotating random spectra to yield quantifiable
channeling parameters.

Channels

Yi
el

d

Figure A.2: A sample RBS spectra for SI InP:Fe substrate

To evaluate surface morphology, Atomic Force Microscopy(AFM) [3] is used.
These are variations on a method of imaging surfaces with atomic or near-atomic
resolution, collectively called scanning probe microscopy (SPM). A small tip is
scanned across the surface of a sample in order to construct a 3-D image of the
surface. Fine control of the scan is accomplished using piezoelectrically-induced
motions. Any type of surface can be probed by the molecular forces exerted by the
surface against the tip. The tip can be constantly in contact with the surface, it can
gently tap the surface while oscillating at high frequency, or it can be scanned just
minutely above the surface. Image processing software allows easy extraction of
useful surface parameters.
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Figure A.3: AFM scan of SI InP substrate

Electrical properties such as mobility and sheet charge density are obtained from
Hall measurements. The basic physical principle underlying the Hall effect [4] is
the Lorentz force. When an electron current is(due to an applied Electric Field) in
a direction perpendicular to an applied magnetic field, it experiences a force acting
normal to both directions and moves in response to this force, resulting in an excess
surface electrical charge on the side of the sample. This charge results in the trans-
verse Hall voltage that can be measured. The sheet charge density can be extracted
as

ns =
I ×B

q × |VH | (A.0.2)

Thus, by measuring the Hall voltageVH and from the known values of I, B, and q,
one can determine the sheet densityns of charge carriers in semiconductors. The
Hall voltage is negative for n-type semiconductors and positive for p-type semi-
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conductors. The sheet resistance RS of the semiconductor can be conveniently de-
termined by use of the van der Pauw resistivity measurement technique [5]. Since
sheet resistance involves both sheet density and mobility, one can determine the Hall
mobility from the equation

µ =
1

qnsRs
(A.0.2)
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B
Implanted collector InP HBT / Circuit

Process Flow

THIS appendix details the process flow for fabricating implanted collector InP
DHBTs and circuits.

• The high temperature annealing steps are critical

– Clean the quartz chamber in the RTA thoroughly with solvents. Clean
the RTA chamber by flowingN2 gas for atleast 1 hour just prior to actual
anneal. Do atleast 2-3 dummy runs before actual anneal.

– A very smoothSixNy is very important for a defect free anneal. Clean
the PECVD chamber for atleast 1 hour prior to deposition. When doing
backside deposition, do not slide the wafer off the platen, and ensure that
the platen is coated first with atleast 100 nm ofSixNy.

– Pristine surface quality is to be maintained for all steps prior to growth.
The wafer should always be handled at the edges with a clean tweezer.
There should be absolutely no scratches on the wafer.

– Any organics present on the wafer will give rise to pitting at the surface
during anneal. The wafer should be very clean of PR and other organics
before encapsulation withSixNy.

• Extra precaution should be exercised when handling a 2 inch InP wafer.

– Before spinning PR, always check the chuck vaccuum during spin with
a dummy 2 inch GaAs wafer.

– When placing clips on the wafer during sputtering or evaporation, make
sure that they are not in the same direction from the major and minor
flats (or the wafer will crack).
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• Sometimes, the PR + a thickSixNy implant mask will fail to resolve the align-
ment targets for local alignment in the GCA stepper. In this case, open win-
dows over one set of alignment targets.

• The process tolerances are sensitive to the quality of the photoresist

– If uncertain of the age and/or quality of the PR, pour a new bottle

– This is especially important for SPR-518, SPR-510, SPR-955, CEM, and
nLOF 2020

• When spinning PR, use a slow acceration

– i.e. It should take 2→ 2.5 seconds to reach maximum spin speed

• For the following steps, a focus array is required for accurate features:

1. Ni alignment targets lithography

2. Pedestal implant lithography

3. Emitter contact lithography

4. Base contact lithography

5. Base post lithography

– Otherwise, the focus offset on subsequent steps is = 0

– Always inspect the focus checkers thoroughly after development

• Wafer orientation

– There are two type of wafers

1. European / Japan flat option wafer where the minor flat is to the left
of the major flat

2. US flat option wafer where the minor flat is to the right of the major
flat

– To ensure proper semiconductor mesa etch undercut, the long-axis of the
emitter should be oriented...

∗ Perpendicular to the major flat for European / Japan flat option wafers

∗ Parallel to the major flat for US flat option wafers

– MBE growth can be performed only on full 2 inch InP wafers. The wafer
is cleaved after growth
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1. Blanket Fe implant and anneal

• Ship the 2 inch SI epi-quality InP wafers for Fe implant. For implanted
subcollector DHBTs, choose low energy-low dose implant as described
in Chapter 4 . For the implanted pedestal-subcollector DHBTs, choose
a higher energy (typically∼ 150 keV) and higher fluence (1-3×1014

ions/cm2). The implants are always carried out at 7◦ offset and at 200◦C.
This implant temperature is critical as described in Chapter 3 . Implant
current should be maintained≤ 50µA.

• RecordNs,Ks from ellipsometer

• Deposition ofSixNy in the PECVD

– Clean insides of PECVD with DI first, then ISO.

– Perform 30 minutes clean of the PECVD and condition withSixNy–
use standard program

– Surface preparation – 20 sec BHF + 2 min DI water rinse

– Deposit 40 nm ofSixNy at 265◦C on the wafer

– Deposit 40 nm ofSixNy at 265◦C on the platen

– Prepare ozone reactor – run empty, 20 min

– Surface Preparation forSixNy deposition 1 – Oxidise wafer in uv
Ozone for 120 sec

– Surface Preparation forSixNy deposition 2 – 30 sec clean in BHF,
rinse in DI for 5 min

– Deposit 40 nm ofSixNy on the top side

– Solvent clean – 3 min 2-propanol, 3 min DI water rinse

– Check quality of SiNx

– If SixNy looks rough or non uniform: remove in BHF for 10 min
and rinse in running DI water for 5-10 min and repeat above steps
from the uv Ozone. IfSixNy still looks rough, increase uv Ozone
time to 200 sec

– Deposit 100 nm ofSixNy on PECVD platen

– Place wafer very, very gently with top side on platen.Do not let it
slide

– Deposit 40 nm ofSixNy on the back side

• After 1h clean of RTA, run empty 700◦C for 300s

• Run actual wafer anneal at 700◦C for 300s

• RemoveSixNy cap by agitating in BHF for∼ 10 min
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• Rinse in running DI for 5 min

• Inspect under microscope to ensure that is no extensive pitting on the
surface

• RecordNs,Ks using P270000 on Ellipsometer. When annealed fully,
these should be same as for virgin SI InP substrate

2. Alignment targets definition

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• HF clean – 5 min conc. HF:DI (10 ml: 200 ml), 5 min in running DI
water

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Sputter TiW

– Prepare sputter tool – load TiW source, TiW anode, TiW shims and
W shield

– Load wafer and after a quick pumpdown, ensure correct operation
by turning on DC power and checking if plasma is light violet-blue

– Ensure that the system pumps down to≤ 3×10−7T. At ≤ 1×10−6

Torr, addLN2 if necessary

– RF back sputter for 2 min at 100 V

– Sputter for 1-2 min at 200W with shutter closed

– Open shutter and sputter on wafer for 30 min at 200W, for∼ 350
nm of TiW

• Inspect under microscope

• Deposition ofSixNy in the PECVD

– Clean insides of PECVD with DI first, then ISO.

– Perform 30 minutes clean of the PECVD and condition withSixNy–
use standard program

– Surface preparation – 20 sec BHF + 2 min DI water rinse

– Deposit 40 nm ofSixNy at 265◦C on the wafer

• Lithography and for Ni metal liftoff

– Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water
rinse

– Photoresist spin – LOL-2000, 1 kRPM, 45 sec
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– Pre-exposure PR soft bake – 210◦C, 5 min

– Photoresist spin – SPR-955-0.9CM, 3 kRPM, 30 sec

– Pre-exposure PR bake – 95◦C, 1 min

– Shoot ‘Alignment Mark ’ pattern in stepper, 0.9 sec

– Post-exposure PR bake – 110◦C, 60 sec

– Develop in MF-701 developer, 60 sec

– Rinse wafer – DI water for 2 min, N2 dry

– Inspect wafer using optical microscope

• Vent E-beam 4, load private source – Ni

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit 300Å of Ni at 1 Å/s

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

• Gently agitate sample surface with small pipet

• Rinse sample in 2-propanol before transferring to H2O or Solvent clean

• If scum present, squirt with pipette and leave in PRX-127 (at≥ 90 ◦C)
for 15 min

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dry etch alignment targets

– Clean RIE3 chamber with O2/50 mT/500 V for 60 min

– Dry etch TiW with SF6/Ar for 2.5/10 sccm, 20 mT, 100 V – Use
laser monitor to determine stop time

– Over etch for 1 min 30 s

– Inspect under microscope

– Check height using profilometer

3. Deposition ofSixNy as implant mask using the PECVD
The thickness of theSixNy implant mask is determined by the implant condi-
tions. Use TRIM and the discussion in this thesis to determine the thickness
of SixNy. For 350 keV Si implant, 140 nm ofSixNy is sufficient. Also load a
GaAs dummy wafer along with actual wafer during all depositions

• Clean insides of PECVD with DI first, then ISO.

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program
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• Prepare ozone reactor – run empty, 20 min

• Surface Preparation forSixNy deposition :1 – Oxidise wafer in uv Ozone
for 200 sec

• Surface Preparation forSixNy deposition :2 – 30 sec clean in BHF, rinse
in DI for 5 min

• Deposit 40 nm ofSixNy on the wafer

• Check quality of SiNx. IfSixNy looks rough or non uniform: remove in
BHF for 10 min and rinse in DI 5-10 min and repeat above steps from
the uv Ozone. IfSixNy still looks rough, increase uv Ozone time to 300
sec

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• If SixNy is uniform and smooth, deposit 200 nm more ofSixNy on the
wafer and the dummy GaAs

• Inspect under microscope

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• If SixNy is uniform and free of pinholes, deposit 400 nm more ofSixNy

on the wafer and the dummy GaAs

• Inspect under microscope

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• If SixNy is uniform and free of pinholes, deposit 400 nm more ofSixNy

on the wafer and the dummy GaAs

• Inspect under microscope

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• If SixNy is uniform and free of pinholes, deposit 400 nm more ofSixNy

on the wafer and the dummy GaAs

• RecordNs,Ks using P270000 on Ellipsometer and calculate thickness
from Filmetrics
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4. Subcollector Implant Mask lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-518, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘Align Window’ pattern in stepper, 0.7 sec – deliberately underex-
posed to not clear all photoresist over alignment targets

• Mini post-exposure PR bake – 90◦C, 10 sec

• Develop in MF-701 for 40 sec

• Rinse wafer – DI water for 20 sec, N2 dry

• Inspect wafer using optical microscope and measure PR removed using
profilometer

• Second pre-exposure PR bake – 90◦C, 20 sec

• Shoot ‘Subcollector Implant’ pattern in stepper, 1.0 sec

• Post-exposure PR bake – 105◦C, 10 sec

• Develop in MF-701 for 2 min

• Rinse wafer – DI water for 3 min sec, N2 dry

• Inspect wafer using optical microscope and measure PR height profilome-
ter

5. Dry etch of SixNy implant mask

• uv flood expose wafer for 1 - 2 min

• Clean RIE3 chamber with O2 at 50 mT, 500 V for 60 min

• Place dummy real wafer and GaAs wafer with the same thickness of
SixNy in the chamber. Ensure that the laser strikes the center of the
GaAs dummy wafer.

• Pump down to≤ 9×10−6 T. Dry etch using CF4 : O2, 20 : 2 sccm, 20
mT, 200 V. The etch rate is≈ 400Å / min

• Monitor reflected laser signal carefully. Not the time at which the etch
has stopped, as indicated by a constant intensity of the reflected laser
signal. Over etch for 2 min at 200 V, and then for 2 more min at 100 V.
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• Inspect using optical microscope ifSixNy is removed fully wherever Si
is to be implanted

• Measure height of PR + implant mask

• If SixNy is uniform repeat dry etch with 1 min increments.

• uv flood expose wafer for 1 - 2 min

• Strip PR in conc. AZ-400K for 3 min

• Gently agitate sample surface with small pipet

• Rinse wafer – DI water for 2 min, N2 dry

• If scum present, squirt with pipette and leave in PRX-127 (at≥ 90 ◦C)
for 15 min

• Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

• Inspect wafer using optical microscope and measure thickness ofSixNy

implant mask with the profilometer

• Carefully record misalignment of the subcollector implant pattern with
the zero level targets over the entire wafer

• SEM subcollector implant patterns to measure actual dimensions of the
subcollector implant windows

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

6. Ship for Si subcollector implant
For implanted subcollector-pedestal implant, a multiple energy-fluence im-
plant is performed to obtain∼ 1×1019 cm−3 over∼ 400 - 500 nm for a low
sheet resistance of the subcollector and a high surface doping. For implanted
pedestal - subcollector process, Si implant is performed at 350 keV with a
fluence of≤ 6×1014 ions/cm2. Chapter 3 details the implant process.

7. Post implant processing– SixNy (and Ni) removal

• Inspect wafers in the optical microscope and record misalignment again

• If scum present, squirt with pipette and leave in PRX-127 (at≥ 90 ◦C)
for 15 min

• Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

• Prepare HF beakers – rinse thoroughly in DI and then breifly in BHF
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• Agitate in 250 ml of HF continuously tillSixNy is seen to disappear and
the wafer becomes colorless. Over etch for 10 min and ensure that no
SixNy remains

• Try to measureNL, TL of SixNy on Ellipsometer – ifSixNy is fully
gone, the reading will be in error

• Inspect wafers in the optical microscope and ensure thatSixNy is com-
pletely removed Also, ensure that Ni andSixNy on top of TiW alignment
targets are completely removed

• if Ni is not fully removed, repeat BHF wet etch with constant agitation
in 5 min increments

• Measure height of alignment targets profilometer. Check profile across
the implanted regions – there should be less than∼ 50 Å variation

8. High temperature anneal

• RecordNs,Ks of the InP wafer using P270000 on Ellipsometer

• Deposition ofSixNy in the PECVD

– Clean insides of PECVD with DI first, then ISO.

– Perform 30 minutes clean of the PECVD and condition withSixNy–
use standard program

– Surface preparation – 20 sec BHF + 2 min DI water rinse

– Deposit 40 nm ofSixNy at 265◦C on the wafer

– Deposit 40 nm ofSixNy at 265◦C on the platen

– Prepare ozone reactor – run empty, 20 min

– Surface Preparation forSixNy deposition 1 – Oxidise wafer in uv
Ozone for 100 sec

– Surface Preparation forSixNy deposition 2 – 30 sec clean in BHF,
rinse in DI for 5 min

– Deposit 40 nm ofSixNy on the top side

– Solvent clean – 3 min 2-propanol, 3 min DI water rinse

– Check quality of SiNx

– If SixNy looks rough or non uniform: remove in BHF for 10 min
and rinse in running DI water for 5-10 min and repeat above steps
from the uv Ozone. IfSixNy still looks rough, increase uv Ozone
time to 150 sec

– Deposit 100 nm ofSixNy on PECVD platen
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– Place wafer very, very gently with top side on platen.Do not let it
slide

– Deposit 40 nm ofSixNy on the back side

• After 1h clean of RTA, run empty 800◦C for 30 sec, twice

• For implanted subcollector process, run actual wafer anneal at 800◦C
for 30 sec
For implanted subcollector-pedestal process, run actual wafer anneal at
600◦C for 10 sec

• RemoveSixNy cap by agitating in BHF for∼ 10 min

• Rinse in running DI for 5 min

• Inspect under microscope to ensure that is no extensive pitting on the
surface

• RecordNs,Ks of the wafer using P270000 on Ellipsometer. When an-
nealed fully, these should be same as for virgin SI InP substrate

For a implanted subcollector process, proceed straight to surface preparation
in step 15.
For implanted subcollector-pedestal process, proceed to next step which is
definition ofSixNy mask for pedestal implant

9. Deposition ofSixNy as pedestal implant mask using the PECVD
The thickness of theSixNy implant mask is determined by the implant condi-
tions. Use TRIM and the discussion in this thesis to determine the thickness
of SixNy. For 100 keV Si implant, 80 nm ofSixNy is sufficient. Also load a
GaAs dummy wafer along with actual wafer during all depositions

• Clean insides of PECVD with DI first, then ISO.

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program

• Prepare ozone reactor – run empty, 20 min

• Surface Preparation forSixNy deposition :1 – Oxidise wafer in uv Ozone
for 200 sec

• Surface Preparation forSixNy deposition :2 – 30 sec clean in BHF, rinse
in DI for 5 min

• Deposit 40 nm ofSixNy on the wafer

202



APPENDIX B. IMPLANTED COLLECTOR INP HBT / CIRCUIT PROCESS FLOW

• Check quality of SiNx. IfSixNy looks rough or non uniform: remove in
BHF for 10 min and rinse in DI 5-10 min and repeat above steps from
the uv Ozone. IfSixNy still looks rough, increase uv Ozone time to 300
sec

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• If SixNy is uniform and smooth, deposit 200 nm more ofSixNy on the
wafer and the dummy GaAs

• Inspect under microscope

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• If SixNy is uniform and free of pinholes, deposit 300 nm more ofSixNy

on the wafer and the dummy GaAs

• Inspect under microscope

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• If SixNy is uniform and free of pinholes, deposit 400 nm more ofSixNy

on the wafer and the dummy GaAs

• Inspect under microscope

• Perform 30 minutes clean of the PECVD and condition withSixNy– use
standard program

• Solvent clean – 3 min 2-propanol, 3 min DI water rinse

• RecordNs,Ks using P270000 on Ellipsometer and calculate thickness
from Filmetrics

10. Pedestal Implant lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-510, 3 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘Pedestal Implant’ pattern in stepper, 1.4 sec
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• Post-exposure PR bake – 105◦C, 10 sec

• Develop in MF-701 for 2 min

• Rinse wafer – DI water for 3 min sec, N2 dry

• Inspect wafer using optical microscope. If misalignment to ZLTs is more
than 0.1µm, repeat lithography

11. Dry etch of SixNy implant mask

• uv flood expose wafer for 1 - 2 min

• Clean RIE3 chamber with O2 at 50 mT, 500 V for 60 min

• Place dummy real wafer and GaAs wafer with the same thickness of
SixNy in the chamber. Ensure that the laser strikes the center of the
GaAs dummy wafer.

• Pump down to≤ 9×10−6 T. Dry etch using CF4 : O2, 20 : 2 sccm,10
mT, 200 V. The etch rate is≈ 400Å / min

• Monitor reflected laser signal carefully. Not the time at which the etch
has stopped, as indicated by a constant intensity of the reflected laser
signal. Over etch for 2 min at 200 V, and then for 2 more min at 100 V.

• Inspect using optical microscope ifSixNy is removed fully wherever Si
is to be implanted

• Measure height of PR + implant mask

• If SixNy is uniform repeat dry etch with 1 min increments.

• uv flood expose wafer for 1 - 2 min

• Strip PR in conc. AZ-400K for 3 min

• Gently agitate sample surface with small pipet

• Rinse wafer – DI water for 2 min, N2 dry

• If scum present, squirt with pipette and leave in PRX-127 (at≥ 90 ◦C)
for 15 min

• Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

• Inspect wafer using optical microscope and measure thickness ofSixNy

implant mask with the profilometer

• Carefully record misalignment of the pedestal implant pattern with the
zero level targets over the entire wafer
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• SEM pedestal implant patterns to measure actual dimensions of the win-
dow

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

12. Ship for Si pedestal implant
For implanted subcollector-pedestal implant, a multiple energy-fluence im-
plant is performed to obtain∼ 1×1019 cm−3 over the existing Fe doping.
Chapter 5 details the implant conditions.

13. Post implant processing– SixNy (and Ni) removal

• Inspect wafers in the optical microscope and record misalignment again

• If scum present, squirt with pipette and leave in PRX-127 (at≥ 90 ◦C)
for 15 min

• Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

• Prepare HF beakers – rinse thoroughly in DI and then breifly in BHF

• Agitate in 250 ml of HF continuously tillSixNy is seen to disappear and
the wafer becomes colorless. Over etch for 10 min and ensure that no
SixNy remains

• Try to measureNL, TL of SixNy on Ellipsometer – ifSixNy is fully
gone, the reading will be in error

• Inspect wafers in the optical microscope and ensure thatSixNy is com-
pletely removed.

• Measure height of alignment targets profilometer. Check profile across
the implanted regions – there should be less than∼ 50 Å variation

14. High temperature anneal

• RecordNs,Ks of the InP wafer using P270000 on Ellipsometer

• Deposition ofSixNy in the PECVD

– Clean insides of PECVD with DI first, then ISO.

– Perform 30 minutes clean of the PECVD and condition withSixNy–
use standard program

– Surface preparation – 20 sec BHF + 2 min DI water rinse

– Deposit 40 nm ofSixNy at 265◦C on the wafer
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– Deposit 40 nm ofSixNy at 265◦C on the platen

– Prepare ozone reactor – run empty, 20 min

– Surface Preparation forSixNy deposition 1 – Oxidise wafer in uv
Ozone for 100 sec

– Surface Preparation forSixNy deposition 2 – 30 sec clean in BHF,
rinse in DI for 5 min

– Deposit 40 nm ofSixNy on the top side
– Solvent clean – 3 min 2-propanol, 3 min DI water rinse

– Check quality of SiNx

– If SixNy looks rough or non uniform: remove in BHF for 10 min
and rinse in running DI water for 5-10 min and repeat above steps
from the uv Ozone. IfSixNy still looks rough, increase uv Ozone
time to 150 sec

– Deposit 100 nm ofSixNy on PECVD platen

– Place wafer very, very gently with top side on platen.Do not let it
slide

– Deposit 40 nm ofSixNy on the back side

• After 1h clean of RTA, run empty 800◦C for 30 sec, twice

• Run actual wafer anneal at 800◦C for 30 sec

• RemoveSixNy cap by agitating in BHF for∼ 10 min

• Rinse in running DI for 5 min

• Inspect under microscope to ensure that is no extensive pitting on the
surface

• RecordNs,Ks of the wafer using P270000 on Ellipsometer. When an-
nealed fully, these should be same as for virgin SI InP substrate

If the alignment targets are stable, the wafers are ready for growth.

15. Surface preparation

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Prepare ozone reactor – run empty, 20 min

• Surface preparation 1 – oxidize wafer surface in ozone reactor, 10 min

• Surface preparation 2 – conc. HF:DI water 5 ml:200 ml for 5 min

• Surface preparation 3 – Rinse in running DI water for 5 min

• Load sampleimmediately in the MBE chamber
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MBE growth of drift collector, base, emitter layers. RHEED is continu-
osly monitored to ensure that the growth is excellent

16. Wafer preparation for emitter lithography – wet etch of semiconductor
over TiW alignment targets

• Inspect wafer in the SEM

• Inspect wafer under the optical microscope. For the GCS stepper, align-
ment marks after regrowth are not resolved by the DFAS local alignment
system. The layers on top of the alignment targets have to be removed

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘Align window’ pattern in stepper, 1.4 sec

• Post-exposure PR bake – 105◦C, 10 sec

• Develop in MF-701 for 2 min

• Rinse wafer – DI water for 3 min sec, N2 dry

• Inspect wafer using optical microscope

• Prepare two beakers with...

(a) H3PO4:DI water2:DI water, 1:1:25 – use stirrer at 200 RPM

(b) H3PO4:HCl, 4:1 – use stirrer at 200 RPM

• Etch InGaAs emitter cap in H3PO4:H2O2:DI water≈ 25 sec

• Inspect under microscope and check in profilometer to ensure all InGaAs
is etched

• Etch InP emitter in H3PO4:HCl ≈ 40 sec

• Inspect under microscope and check in profilometer to ensure all InP is
etched

• Etch InGaAs base in H3PO4:DI water2:DI water≈ 40 sec

• Inspect under microscope and check in profilometer to ensure all InGaAs
is etched

• PR removal
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– Place sample in 1165 PR stripper, 80◦C, 1 hour

– Gently agitate sample surface with small pipet
– Rinse sample in 2-propanol before transferring to DI water or Sol-

vent clean
– If scum is present, squirt gently in AZ-300T PR stripper, 80◦C, 15

min

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

17. Wafer cleaving

• For the local-alignment DFAS (Dark-Field-Alignment-System) system
to work on the i-line GCA stepper, the minimum size of the sample to be
processed should be greater than 1 x 1 inch2.

• Cleave into 4 quarters carefully along the boundary of a die.

18. Emitter contact lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-955, 2.5 kRPM, 30 sec

• Pre-exposure PR bake – 92◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec
– Then spin 4 kRPM, 30 sec

• Shoot ‘emitter’ pattern in stepper, 2.055 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec
(b) Immediately transfer wafer to MF-701 developer

– Develop for 2 min 20 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope. Misalignment to pedestal should
be≤ 0.05µm
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19. Emitter contact deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Vent E-beam 4, load private sources – Ti, Pd, and Au

• Surface preparation – HCl:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N2 dry

• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit emitter contact

– Ti 200 Å (1 Å/sec)

– Pd 400Å (1 Å/sec)

– Au 7500Å

∗ 1 Å/sec for 1-300Å

∗ 2 Å/sec for 301-500̊A

∗ 3 Å/sec for 501-1000̊A

∗ 4-5 Å/sec 1001-7500̊A

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Anneal emitter contact, 300◦C, N2 purge, 60 sec

20. Emitter mesa etch

• Prepare three beakers with...

(a) NH4OH:DI water, 1:10

(b) H3PO4:H2O2:DI water, 1:1:25 – use stirrer at 200 RPM

(c) H3PO4:HCl, 4:1 – use stirrer at 200 RPM

• Dip sample – NH4OH:DI water solution 10 sec, DI water rinse 10 sec,
N2 dry
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• Etch InGaAs emitter cap in H3PO4:H2O2:DI water≈ 21 sec

– Overetch should only be 3 sec from the time the color change is
complete

– Inspect under microscope to ensure all InGaAs is etched

• Etch InP emitter in H3PO4:HCl ≈ 35 sec

– Overetch should only be 5 sec from the time the color change is
complete

– Inspect under microscope to ensure all InP is etched

21. Base contact lithography

• No solvent cleaned needed after emitter mesa etch

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 4 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘base contact’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

22. Base contact deposition

• Prepare ozone reactor – let run empty for 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Vent E-beam 4, load private sources – Ti, Pd, and Au

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit base contact

– Pd 25Å, Ti 170 Å, Pd 170Å, Au 650Å

∗ 1 Å/sec for all metal depositions

210



APPENDIX B. IMPLANTED COLLECTOR INP HBT / CIRCUIT PROCESS FLOW

∗ Higher deposition rates onto nLOF 2020 will leave more PR
scum

• Metal liftoff – 1165 stripper, 80◦C, 1 hour

• Remove metal and place sample in fresh AZ 300T stripper, 80◦C, 10 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

– The sample can proceed to ‘base-post’ lithography if there is no
scum on post-end of the base contact

∗ Otherwise, repeat the AZ 300T step until that is the case

23. Base post lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-955, 2.5 kRPM, 30 sec

• Pre-exposure PR bake – 92◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec

– Then spin 4 kRPM, 30 sec

• Shoot ‘base post’ pattern in stepper, 2.055 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develop 2 min 20
sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

24. Base post deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Vent E-beam 4, load private sources – Ti, Pd, and Au
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• Surface preparation – HCl:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N2 dry

• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit base post

– Pd 25Å (1 Å/sec)

– Ti 170 Å (1 Å/sec)

– Pd 170Å (1 Å/sec)

– Au 9300Å

∗ 1 Å/sec for 1-300Å

∗ 2 Å/sec for 301-500̊A

∗ 3 Å/sec for 501-1000̊A

∗ 4-5 Å/sec 1001-9300̊A

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

25. Base mesa lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Gently pipette SPR-510 onto the wafer and let it sit for 20-30 sec

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘base mesa’ pattern in stepper, 1.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope
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26. Base mesa etch

• Prepare three beakers with...

(a) NH4OH:DI water, 1:10

(b) H3PO4:H2O2:DI water, 1:1:25 – use stirrer at 200 RPM

(c) H3PO4:HCl, 4:1 – use stirrer at 200 RPM

• Dip sample – NH4OH:DI water solution 10 sec, DI water rinse 10 sec,
N2 dry

• Etch InGaAs base, InGaAs collector setback, and ternary grade in H3PO4:H2O2:DI
water≈ 35 sec

– Overetch should only be 5 sec from the time the color change is
complete

– Inspect under microscope to ensure all InGaAs is etched

• Etch InP collector in H3PO4:HCl ≈ 35 sec

– Overetch should only be 10 sec from the time the color change is
complete

– This extended overetch is for increased collector semiconductor un-
dercut

– Inspect under microscope to ensure all InP is etched

• Strip PR mask – 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

27. NiCr Resistor lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec

– Then spin 4 kRPM, 30 sec

• Shoot ‘Resistor’ pattern in stepper, 2.2 sec
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• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately thereafter transfer wafer to MF-701 developer, develop
2 min 30 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

28. NiCr Resistor deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 90 sec

• Vent E-beam 1, load private sources – Ti, SiO2, NiCr

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Load sample in E-beam 1

• Allow system to pump-down for 60 min to< 2·10−6 torr

• Deposit NiCr resistors

– Ti 50 Å (1 Å/sec)

– SiO2 200Å (1 Å/sec)

– NiCr xxx Å (1 Å/sec)

∗ For NiCr, Cr out-diffuses more quickly than than Ni

∗ Thus, the source resistivity goes down after each deposition

∗ Refer to the NiCr worksheet for accurate determination of NiCr
deposition thickness for 50Ω/2

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

29. Collector contact lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min
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• Photoresist spin – nLOF 2020, 3.5 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘collector contact’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

30. Collector contact deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 90 sec

– Do not run sample any longer in the ozone reactor

– Longer ashing will remove PR from above the emitter contactand
oxidize too much of the InGaAs sub-collector contact layer

• Vent E-beam 4, load private sources – Ti, Pd, and Au

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Load sample in E-beam 4 – orient long-axis of emitter in the same direc-
tion as the sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit collector contact

– Ti 200 Å (1 Å/sec)

– Pd 400Å (1 Å/sec)

– Au 4500Å

∗ 1 Å/sec for 1-300Å

∗ 2 Å/sec for 301-500̊A

∗ 3 Å/sec for 501-1000̊A

∗ 4 Å/sec 1001-4500̊A

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and gently agitate in fresh AZ 300T stripper, 80◦C, 10
min

• Rinse in 2-propanol before transferring to DI water or Solvent clean
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31. Collector post lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-518, 3.0 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• CEM coat and spin – coat wafer w/ CEM and let sit for 60 sec, then spin
4 kRPM, 30 sec

• Shoot ‘collector post’ pattern in stepper, 2.6 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develop 2 min 30
sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

32. Collector post deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – HCl:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N2 dry

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit collector post

– Ti 100 Å (1 Å/sec)

– Au xxxx Å (see list below for deposition rate)

∗ The collector post needs to be level with the top of the emitter
contact

∗ Dektak to determine Au deposition thickness
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∗ 1 Å/sec for 1-300Å

∗ 2 Å/sec for 301-500̊A

∗ 3 Å/sec for 501-1000̊A

∗ 4-5 Å/sec 1001-xxxxÅ

– Ti 100 Å (1 Å/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

33. Resistor post lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Photoresist spin – SPR-518, 3.0 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• CEM coat and spin – coat wafer w/ CEM and let sit for 60 sec, then spin
4 kRPM, 30 sec

• Shoot ‘resistor post’ pattern in stepper, 2.6 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development

(a) Rinse CEM from wafer surface using DI water, 30 sec

(b) Immediately transfer wafer to MF-701 developer, develop 2 min 30
sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

34. Resistor post deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au
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• Surface preparation – HCl:DI water 1:10 dip 10 sec, DI water rinse 10
sec, N2 dry

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit resistor post contact

– Ti 100 Å (1 Å/sec)

– Au xxxx Å (see list below for deposition rate)

∗ The resistor post needs to level with the top of the emitter con-
tact

∗ Dektak to determine Au deposition thickness

∗ 1 Å/sec for 1-300Å

∗ 2 Å/sec for 301-500̊A

∗ 3 Å/sec for 501-1000̊A

∗ 4-5 Å/sec 1001-xxxxÅ

– Ti 100 Å (1 Å/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

35. BCB passivation

• The ‘Blue Oven’ must be at room temperature 25◦C or less before be-
ginning

– Otherwise, BCB will bubble during the cure and the sample will be
ruined

• NOTE: there must not be any stops in the steps from sample surface
preparation to loading the spun sample w/ BCB into the Blue oven

– Any delays will allow increased surface oxide to regenerate on the
semiconductor, increasing leakage currents

– Oxygen contaminates BCB and prolonged exposure will compro-
mise the cure and ruin the sample

• Prepare the ‘Blue Oven’ – run N2 through chamber at 100%
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• Prepare ozone reactor – run empty, 20 min

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Coat wafer with BCB 3022-35 – let sit on surface for 30 sec

• Spin BCB 1.5 kRPM, 30 sec – BCB thickness≈ 1.88µm

• Place sample into Al cup holder

– The holder should be deformed such that the sample is completely
level, yet has minimal contact with the bottom holder surface

– Otherwise, cured BCB that has crept onto the bottom surface may
prevent the sample from being removed from the holder

• Place sample (in holder) into the ‘Blue Oven’

• Reduce N2 flow to 60% after 3 min

• Load and run Program 5 (confirm in case it has been altered)

• Program sequence:

(a) 5 min ramp to 50◦C, 5 min soak

(b) 15 min ramp to 100◦C, 15 min soak

(c) 15 min ramp to 150◦C, 15 min soak

(d) 60 min ramp to 250◦C, 60 min soak

(e) Natural cool down

(f) Oven off

• Remove sample and inspect under the microscope

• Turn off the ‘Blue Oven’

36. Wafer planarization and interconnect surface preparation

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

(a) Load sample on carrier wafer, BCB ICP etch CF4/O2 50:200 sccm,
2 min

(b) Inspect sample in FEI SEM to see if the device contacts and inter-
connect posts are exposed
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Figure B.1: BCB etch rate for the given CF4/02 recipe

• Repeat the above etch (1 min increments) and inspection until all contact
and posts are exposed

– Be sure to run the wafer clean program in between each etch cycle

• Repeat the BCB passivation step for further sample planarization

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

(a) Load sample on carrier wafer, BCB ICP etch CF4/O2 50:200 sccm,
3 min 30 sec

(b) Inspect sample in FEI SEM to see if the device contacts and inter-
connect post are exposed

• Repeat the above etch (1 min increments) and inspection until all contact
and posts are exposed

– Be sure to run the wafer clean program in between each etch cycle

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min
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• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Deposit 100 nm SiNx on the BCB surface by PECVD

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘contact via’ pattern in stepper, 2.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

• Load sample on carrier wafer for ICP etching

(a) SiNx ICP etch CF4 125 sccm, 90 sec

(b) Short BCB ashing CF4/O2 50:200 sccm, 10 sec

• Inspect sample in FEI SEM to see if the device contacts and interconnect
posts are exposed

• Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develop exposed PR – MF-701, 2 min

(c) Strip remaining PR in acetone – 3 min

(d) Inspect – if PR remaining, use 1165 stripper, 80◦C, 3 min

(e) Gently agitate sample surface with small pipet

• Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

37. Metal-1 interconnect lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 4 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘Metal 1’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec
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• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

38. Metal-1 interconnect deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit Metal-1 interconnect

– Ti 100 Å (1 Å/sec)

– Au 10 kÅ

∗ 2 Å/sec for 1-300Å

∗ 3 Å/sec for 301-500̊A

∗ 4 Å/sec for 501-1000̊A

∗ 5-6 Å/sec 1001-10000̊A

– Ti 100 Å (1 Å/sec)

• Metal liftoff – AZ 300T stripper, 80◦C, 20 min

• Remove metal and place sample in fresh AZ 300T stripper, 80◦C, 20
min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

39. Measure devices and TLMs

• If device performance and TLMs are well behaved, continue

40. SiN MIM capacitor formation

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse
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• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – oxidize wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Deposit 400 nm SiNx onto the sample by PECVD

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘SiN cap’ pattern in stepper, 2.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

• Clean carrier wafer in Panasonic ICP – CF4/O2 200:40 sccm, 7 min

• Load sample on carrier wafer for ICP etching

(a) SiNx ICP etch CF4 125 sccm, 3 min

(b) Short ashing CF4/O2 50:200 sccm, 15 sec

• Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develop exposed PR – MF-701, 2 min

(c) Strip remaining PR in acetone – 3 min

(d) Inspect – if PR remaining, use 1165 stripper, 80◦C, 3 min

(e) Gently agitate sample surface with small pipet

• Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

41. Metal-2 interconnect lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 3 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec
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• Shoot ‘Metal 2’ pattern in stepper – 0.46 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

42. Metal-2 interconnect deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit Metal-2 interconnect

– Ti 100 Å (1 Å/sec)

– Au 10 kÅ

∗ 2 Å/sec for 1-300Å

∗ 3 Å/sec for 301-500̊A

∗ 4 Å/sec for 501-1000̊A

∗ 5-6 Å/sec 1001-10000̊A

– Ti 100 Å (1 Å/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean

43. Metal-2 to Metal-3 interconnect post lithography – 1

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – SPR 518, 3 kRPM, 30 sec
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• Pre-exposure PR bake – 90◦C, 60 sec

• CEM coat and spin

– Coat wafer w/ CEM and let sit for 60 sec

– Then spin 4 kRPM, 30 sec

• Shoot ‘M2 - M3 post’ pattern in stepper – 2.8 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 2 min 30 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

44. Metal-2 to Metal-3 interconnect post deposition – 1

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4

• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit M2-M3 post contact

– Ti 100 Å (1 Å/sec)

– Au 13 kÅ

∗ 2 Å/sec for 1-300Å

∗ 3 Å/sec for 301-500̊A

∗ 4 Å/sec for 501-1000̊A

∗ 5-6 Å/sec 1001-13000̊A

– Ti 100 Å (1 Å/sec)

• Metal liftoff – 1165 stripper, 80◦C, 30 min

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 10 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean
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45. Thin-film BCB microstrip wiring envirnment – layer 1

• The ‘Blue Oven’ must be at room temperature 25◦C or less before be-
ginning

– Otherwise, BCB will bubble during the cure and the sample will be
ruined

• NOTE: there must not be any stops in the steps from sample surface
preparation to loading the spun sample w/ BCB into the Blue oven

– Any delays will allow increased surface oxide to regenerate on the
surface, increasing leakage currents

– Oxygen contaminates BCB and prolonged exposure will compro-
mise the cure and ruin the sample

• Prepare the ‘Blue Oven’ – run N2 through chamber at 100%

• Prepare ozone reactor – run empty, 20 min

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Cool wafer, 5 min

• Surface preparation – clean wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Coat wafer with BCB 3022-35 – let sit on surface for 30 sec

• Spin BCB 1.5 kRPM, 30 sec – BCB thickness≈ 1.88µm

• Place sample into Al cup holder

– The holder should be deformed such that the sample is completely
level, yet has minimal contact with the bottom holder surface

– Otherwise, cured BCB that has crept onto the bottom surface may
prevent the sample from being removed from the holder

• Place sample (in holder) into the ‘Blue Oven’

• Reduce N2 flow to 60% after 3 min

• Load and run Program 5 (see passivation step)

• Remove sample and inspect under the microscope

• Turn off the ‘Blue Oven’

• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min
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(a) Load sample on carrier wafer, BCB ICP etch CF4/O2 50:200 sccm,
90 sec

(b) Inspect sample in FEI SEM to see if the interconnect posts are ex-
posed

• Repeat the above etch (45 sec increments) and inspection until all contact
and posts are exposed

– Be sure to run the wafer clean program in between each etch cycle

46. Metal-2 to Metal-3 interconnect post lithography – 2

• Repeat this step

47. Metal-2 to Metal-3 interconnect post deposition – 2

• Repeat this step

48. Thin-film BCB microstrip wiring envirnment – layer 2

• Repeat this step

49. Metal-3 adhession layer

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake 120◦C, 10 min

• Cool wafer, 5 min

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 10 min

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Deposit 100 nm SiNx on the BCB surface by PECVD

• Photoresist spin – SPR-510, 4 kRPM, 30 sec

• Pre-exposure PR bake – 90◦C, 60 sec

• Shoot ‘Metal-3 via’ pattern in stepper, 2.0 sec

• Post-exposure PR bake – 110◦C, 60 sec

• Development – MF-701 developer, 90 sec

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope
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• Clean carrier wafer in Panasonic ICP – CF4/O2 50:200 sccm, 7 min

• Load sample on carrier wafer for ICP etching

(a) SiNx ICP etch CF4 125 sccm, 90 sec

(b) Short BCB ashing CF4/O2 50:200 sccm, 10 sec

• Inspect sample in FEI SEM to see if the interconnect posts are exposed

• Strip photoresist mask

(a) Flood expose sample, 15 sec

(b) Develop exposed PR – MF-701, 2 min
(c) Strip remaining PR in acetone – 3 min

(d) Inspect – if PR remaining, use 1165 stripper, 80◦C, 3 min

(e) Gently agitate sample surface with small pipet

• Rinse sample in 2-propanol before transferring to DI water or Solvent
clean

50. Metal-3 interconnect and ground plane lithography

• Solvent clean – 3 min acetone, 3 min 2-propanol, 3 min DI water rinse

• Dehydration bake – 120◦C, 10 min

• Photoresist spin – nLOF 2020, 3 kRPM, 30 sec

• Pre-exposure PR bake – 111◦C, 60 sec

• Shoot ‘Metal 3’ pattern in stepper – 0.47 sec

• Post-exposure PR bake – 114◦C, 60 sec

• Development – MF-701 developer, 2 min

• Rinse wafer – DI water for 2 min, N2 dry

• Inspect wafer using optical microscope

51. Metal-3 interconnect and ground plane deposition

• Prepare ozone reactor – run empty, 20 min

• Surface preparation – clean wafer surface in ozone reactor, 5 min

• Vent E-beam 4, load private sources – Ti and Au

• Surface preparation – NH4OH:DI water 1:10 dip 10 sec, N2 dry, NO
WATER RINSE

• Load sample in E-beam 4 – orient long-axis of emitter perpendicular to
the direction of sample rotation inside E-beam 4
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• Allow system to pump-down for 90 min to< 10−6 torr

• Deposit Metal-3 (ground plane)

– Ti 100 Å (1 Å/sec)

– Au 15 kÅ

∗ 2 Å/sec for 1-300Å

∗ 3 Å/sec for 301-500̊A

∗ 4 Å/sec for 501-1000̊A

∗ 5-6 Å/sec 1001-15000̊A

– Ti 100 Å (1 Å/sec)

• Metal liftoff – 1165 stripper, 80◦C, 2 hour

• Remove metal and place sample in fresh 1165 stripper, 80◦C, 20 min

– Gently agitate sample surface with small pipet

– Rinse sample in 2-propanol before transferring to DI water or Sol-
vent clean
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